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Nomenclature 
 
Symbol Unit Physical magnitude 
𝐻2𝑂(𝑔) - Water vapour 
𝐻2𝑂(𝑙) - Liquid water 
?̇?𝐻2  mol/s Hydrogen molar flow 
∆𝑓𝐺𝐻2𝑂(𝑔)  kJ/mol Gibbs free energy of water vapour formation 
∆𝑓𝐺𝐻2𝑂(𝑙)  kJ/mol Gibbs free energy of liquid water formation 
∆𝑓𝐻𝐻2𝑂(𝑔)  kJ/mol Enthalpy of water vapour formation 
∆𝑓𝐻𝐻2𝑂(𝑙) kJ/mol Enthalpy of liquid water formation 
∆𝑓𝐻 kJ/mol Formation enthalpy 
∆𝑟𝐻 kJ/mol Reaction enthalpy 
𝐶𝑝𝑎𝑖𝑟 J/(g · K) Air heat capacity 
𝐶𝑝𝑟𝑒𝑓 J/(kg · K) Coolant heat capacity 
𝐸0 V Electromotive force 
𝐸𝐻𝐻𝑉
0  V Higher heating value EMF 
𝐸𝐿𝐻𝑉
0  V Lower heating value EMF 
𝐸𝑔
0 V EMF of water vapour formation 
𝐸𝑙
0 V EMF of liquid water formation 
𝐻2 - Hydrogen 
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𝑀𝑎𝑖𝑟 g mol⁄  Air molar mass 
𝑂2 - Oxygen 
𝑃𝑒𝑙  𝑊 Electric power 
𝑃𝑡ℎ𝑒𝑟𝑚 𝑊 Thermal power 
𝑅1 Ω · cm
2 Internal resistance 
𝑈𝑠𝑡𝑎𝑐𝑘 V FC stack voltage 
?̇? mol/s Molar flow 
𝑝𝐻2  Pa Hydrogen partial pressure 
𝑝𝐻2𝑂 Pa Water partial pressure 
𝑝𝑂2 Pa Oxygen partial pressure 
𝑝𝑆𝑦𝑠 Pa System pressure 
𝜂𝑒𝑙  % Electric efficiency 
𝜂𝑓𝑢𝑒𝑙,𝑒𝑙  % Fuel electric efficiency 
𝜂𝑡ℎ𝑒𝑟𝑚 % Thermal efficiency 
𝜆𝑎𝑖𝑟 W/(K · m) Air heat conductivity 
𝜆𝑟𝑒𝑓 W/(K · m) Coolant heat conductivity 
𝜇𝑎𝑖𝑟 μPa/s Air dynamic viscosity 
𝜈𝑟𝑒𝑓 mm2/s Coolant kinematic viscosity 
𝜌𝑎𝑖𝑟 kg/m
3 Air density 
𝜌𝑟𝑒𝑓 kg/m3  Coolant density 
∆𝐺 kJ/mol Gibbs free energy 
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Δ𝐸 mV Cell potential increase 
𝐴𝑣𝑒𝐶𝑒𝑙𝑙 V Average cell voltage 
𝐸 V Equivalent voltage 
𝐹 96485,3365 C/mol Faraday constant 
𝐻 J Enthalpy 
𝐼 A FC load 
𝑀 g mol⁄  Molar mass 
𝑁 - Number of cells of a FC 
𝑅 8,314 J mol · K⁄  Ideal gas constant 
𝑆 J · K Entropy 
𝑇 K Temperature 
𝑈 J Internal energy 
𝑉 m3 Volume 
𝑏 V dec⁄  voltage drop because of ORR 
𝑗 A cm2⁄  Current density 
𝑛 - number of exchanged electrons 
𝑝 Pa Pressure 
𝜂 % Efficiency 
𝜆 - Stoichiometry 
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Abbreviations 
BoP Balance of Plant 
DLR German aeronautics and space research centre 
EMF Electromotive force 
FC Fuel cell 
HHV Higher heating value 
HOR Hydrogen oxidation reaction 
HT High temperature 
LHV Lower heating value 
LT Low temperature 
ORR Oxygen reduction reaction 
PEM Proton exchange membrane 
PEMFC Proton exchange membrane fuel cell 
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1 Abstract 
A cooling system for a fuel cell (FC) powered car within the framework of a European project called INN-
BALANCE is currently being developed at the German aeronautics and space research centre (DLR).  
Given a design of the cooling loop, a thermal model of it has been developed in this master thesis making 
use of the software Matlab Simulink™, as it is the official simulation program for the INN-BALANCE project 
and the one used to share all the models between the project partners. 
Once the thermal model was developed, a control system for the next key components of this cooling 
system has been designed: the 3-way valve (or bypass valve), the fan of the radiator, the main pump of 
the circuit and the pump and heater of a heating system meant to be used in very low ambient 
temperatures. 
The goal of this control system has been to keep the coolant inlet and outlet of the FC at temperatures of 
68℃ and 80℃ respectively, or more specifically, to keep a maximum temperature difference between the 
FC inlet and outlet of 12K. 
The designed control system has been tested on a test bed whose components are slightly different to the 
ones that will be used on the resulting car of the INN-BALANCE project, however the goal was also to 
develop a control system robust enough to be able to cope with any changes on the dimensions and 
typology of the components. 
For this purpose, the test bench used has a heat exchanger whose coolant pressure loss between inlet and 
outlet is very similar to the one of the FC to substitute it. 
Another key component different on the test bench is the radiator, whose dimensions are not the 
definitive ones and the same applies for the fan that blows air through it. 
The experiments performed at the test bench showed a control system capable of keeping the 
temperatures at the desired levels as long as the heat dissipation capabilities of the cooling system are not 
surpassed. 
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2 Project background 
The INN-BALANCE project is on development and demonstration of an automotive fuel cell system. INN-
BALANCE’s ambition is to boost hydrogen mobility by developing a new generation of highly-efficient fuel 
cell Balance of Plant (BoP) components. These components will add up to an innovative fuel cell system 
and hence greatly improve the efficiency and the reliability of fuel cell powered vehicles, while reducing 
their cost. INN-BALANCE integrates the latest trends in fuel cell vehicle technology into the development 
of: 
• a new air turbo-compressor 
• combined hydrogen injection and recirculation 
• advanced control and diagnosis devices 
• a new concept of thermal management 
 
3 Scope of work 
The thermal management of the fuel cell stack, the cathode air compressor and the cathode air intercooler 
are a crucial task in an automotive fuel cell system. The stack must be operated in a narrow temperature 
range due its sensibility in terms of water balance and cell lifetime. The physical layout of the thermal 
management system has been developed with respect to different temperature levels of the stack and 
electronic devices. As a result, the thermal management consists of two independent cooling circuits with 
distinct temperature levels. Each circuit is driven by a separate speed-controlled cooling liquid pump and 
a controlled bypass valve for the radiators. The control system must maintain the designated cooling liquid 
inlet and outlet temperatures of the stack and the electronic devices even with highly dynamic load cycles 
and fluctuating environment conditions. The aim of the work is to develop and implement a model based 
advanced control strategy for the high temperature cooling loop. In detail, the tasks should be 
accomplished: 
• development of a simplified model of the high temperature cooling circuit in Simulink™ 
• development of a model-based control system for the high temperature cooling circuit 
• implementation of the control system on a prototype control unit (e.g. PC-based) 
• test and optimization of the control system with the laboratory test rack 
• documentation of the work 
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4 Introduction 
There is a growing demand to get rid of the use of fossil fuels to power our societies and specially the 
transport field as our society is increasingly concerned about environmental impact of their use [1]. 
There is therefore a search for alternative energy sources being done both by industries and governments 
[2]. The automotive sector is one of the most dependant on the use of petrol [3] and because of that is 
one of the industries with the biggest interest on moving towards alternative energy sources and one of 
the lieders on investment on research and development of new technologies [4]. 
Is because of that, that hydrogen fuel cells are being investigated as they have the potential to become 
one of the future power sources. They have no carbon footprint and have a high efficiency. There is though 
the need of overcoming the lack of hydrogen refuelling infrastructure, the durability of the fuel cells and 
more importantly, the cost of this technology. Reducing this cost is one of the main goals of the INN-
BALANCE project, together with the durability and reliability improvement. 
Inside the field of the fuel cells, proton exchange membrane (PEM) are the kind of fuel cell that is being 
considered with the highest potential to substitute conventional internal combustion engines for 
transportation [5]. That is mainly because of the high-power density and rapid start-up. However, despite 
being significantly more efficient than internal combustion engines, they generate a significant amount of 
heat that must be dissipated to avoid the overheating of the FC and its membrane. There is however a 
huge challenge regarding the cooling system as PEMFC operate at temperatures that are sensibly lower 
than petrol engines and therefore is necessary the development of specific cooling systems that can 
dissipate the generated heat. This report is mainly focussed on the modelling and control of one of these 
systems. 
The fuel cell cars can either be solely powered using the fuel cell stack or in a combination with other 
electrical power sources, usually batteries. Depending on the size of the batteries, these fuel cells cars 
could be considered either hybrids or plug-in hybrids for the ones with larger batteries and the possibility 
to recharge them. 
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5 Fuel Cell fundamentals 
The fundamental equations used to describe the reaction and specially for the aim of this project, the heat 
generation produced by the FC, are based on the book Just another Fuel Cell Formulary [6]. 
5.1 Thermodynamics 
In a PEMFC hydrogen reacts with oxygen to form water in an exothermic reaction: 
 
𝐻2 +
1
2
𝑂2 → 𝐻2𝑂(𝑔)    ;     ∆𝑟𝐻 < 0 (Eq. 1) 
In equation (Eq. 1) the reaction enthalpy ∆𝑟𝐻 and the enthalpy of water formation ∆𝑓𝐻 are equivalent. It 
is also negative as it releases energy (is exothermic). 
As the water formed in this reaction in a FC is formed either as steam or liquid water, there must be spoken 
about the hydrogen lower heating value (LHV) or higher heating value (HHV). 
 
𝐻2 +
1
2
𝑂2 → 𝐻2𝑂(𝑔)    ;    −∆𝑓𝐻𝐻2𝑂(𝑔) = 𝐿𝐻𝑉 = 241,82
kJ
mol
 (Eq. 2) 
 
𝐻2 +
1
2
𝑂2 → 𝐻2𝑂(𝑙)    ;    −∆𝑓𝐻𝐻2𝑂(𝑙) = 𝐻𝐻𝑉 = 285,83
kJ
mol
 (Eq. 3) 
These heating values depend on the pressure and the temperature and the values provided are at standard 
conditions. 
The difference between the LHV and HHV of 44,01
𝑘𝐽
𝑚𝑜𝑙
 is the latent heat of vaporization at 25℃. 
The electromotive force (EMF) 𝐸0 is: 
 
𝐸0 =
∆𝐺
𝑛 · 𝐹
 (Eq. 4) 
In this equation (Eq. 4), 𝑛 is the number of electrons exchanged (in this case 2) and 𝐹 the constant of 
Faraday. Gibbs free energy [7] of water formation and EMFs are: 
 𝐺(𝑝, 𝑇) = 𝑈 + 𝑝 · 𝑉 − 𝑇 · 𝑆 = 𝐻 − 𝑇 · 𝑆 (Eq. 5) 
 
∆𝑓𝐺𝐻2𝑂(𝑔) = −228,57
kJ
mol
    ;     ∆𝑓𝐺𝐻2𝑂(𝑙) = −237,13
kJ
mol
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𝐸𝑔
0 =
−∆𝑓𝐺𝐻2𝑂(𝑔)
2 · 𝐹
= 1,184 V    ;     𝐸𝑙
0 =
−∆𝑓𝐺𝐻2𝑂(𝑙)
2 · 𝐹
= 1,229 V (Eq. 6) 
The voltages of equation (Eq. 6) are only the maximum voltages that would be theoretically possible to get 
from the electrochemical reaction. However, as hydrogen has even more chemical energy content that 
the free enthalpies of water formation, to perform efficiency calculations, the heating values must be used.  
 
𝐸𝐿𝐻𝑉
0 =
𝐿𝐻𝑉
2 · 𝐹
= 1,253 V    ;     𝐸𝐻𝐻𝑉
0 =
𝐻𝐻𝑉
2 · 𝐹
= 1,481 V (Eq. 7) 
Note that the voltages in equation (Eq. 7), also called thermal cell voltage, would only be reachable in case 
all the energy of the hydrogen could be converted into electricity. 
5.2 Nernst equation 
As both Gibbs free energies and enthalpies of water formation are dependent on temperature and 
pressure, the calculated equivalent voltages also depend upon temperature and pressure. Nernst equation 
describes this dependency and for the water formation reaction is: 
 
𝐸 = 𝐸0 +
𝑅 · 𝑇
2 · 𝐹
· ln (
𝑝𝐻2 · 𝑝𝑂2
1 2⁄
𝑝𝐻2𝑂
) (Eq. 8) 
Being 𝑝 the partial pressures of 𝐻2, 𝑂2 and 𝐻2𝑂, and defining 𝑝𝐻2 = 𝛼 · 𝑝𝑆𝑦𝑠, 𝑝𝑂2 = 𝛽 · 𝑝𝑆𝑦𝑠  and 𝑝𝐻2𝑂 =
𝛾 · 𝑝𝑆𝑦𝑠, for a system pressure of 𝑝𝑆𝑦𝑠: 
 
𝐸 = 𝐸0 +
𝑅 · 𝑇
2 · 𝐹
· ln (
𝛼 · 𝛽1 2⁄
𝛾
) +
𝑅 · 𝑇
4 · 𝐹
· ln(𝑝𝑆𝑦𝑠) (Eq. 9) 
 
Figure 1. ∆H and ∆G as a function of temperature 
200 kJ/mol
210 kJ/mol
220 kJ/mol
230 kJ/mol
240 kJ/mol
250 kJ/mol
260 kJ/mol
270 kJ/mol
280 kJ/mol
290 kJ/mol
300 kJ/mol
-25 ℃ 0 ℃ 25 ℃ 50 ℃ 75 ℃ 100 ℃ 125 ℃ 150 ℃ 175 ℃ 200 ℃
En
th
al
p
y 
in
 k
J/
m
o
l
Temperature in ℃
LHV HHV ∆G H2Og ∆G H2Ol
  
 
 
Page 18 
M
o
d
el
 B
as
ed
 C
o
n
tr
o
l S
ys
te
m
 D
e
ve
lo
p
m
en
t 
fo
r 
th
e 
Th
er
m
al
 M
an
ag
e
m
en
t 
o
f 
a 
Fu
el
 C
e
ll 
P
o
w
e
re
d
 P
as
se
n
ge
r 
C
ar
 
Kept 𝛼, 𝛽 and 𝛾 constant, cell potential increase as a function of increase from pressure 𝑝1 to 𝑝2 is: 
 
Δ𝐸 =
𝑅 · 𝑇
4 · 𝐹
· ln
𝑝2
𝑝1
 (Eq. 10) 
For the PEM FC operating temperature of 80℃, doubling the pressure of the system means that there is 
an increase of Δ𝐸 = 7,6 mV · ln(2) = 5,27 mV, however because of other effects when the pressure 
increases, cell voltage tends to be much higher than the increase given by the Nernst equation. 
5.3 Hydrogen energy and power 
Hydrogen, as a chemical energy carrier has an energy density dependant of LHV or HHV. Mass specific 
chemical energy is therefore: 
 
𝑊𝐻2,𝐻𝐻𝑉 =
𝐻𝐻𝑉
𝑀
 (Eq. 11) 
 
𝑊𝐻2,𝐿𝐻𝑉 =
𝐿𝐻𝑉
𝑀
 (Eq. 12) 
Thus, volumetric specific chemical energy at standard conditions is: 
 
𝑊𝐻2,𝐻𝐻𝑉 =
𝐻𝐻𝑉
𝑉0,𝑚𝑜𝑙
 (Eq. 13) 
 
𝑊𝐻2,𝐿𝐻𝑉 =
𝐿𝐻𝑉
𝑉0,𝑚𝑜𝑙
 (Eq. 14) 
The chemical power of an 𝐻2 flow is: 
 𝑃𝐻2,𝐻𝐻𝑉 = 𝐻𝐻𝑉 · ?̇?𝐻2     ;     [𝑃𝐻2,𝐻𝐻𝑉] = W (Eq. 15) 
Thus, the chemical power of 𝐻2 consumed in a FC stack for 𝑁 cells at a load of 𝐼 amperes is: 
 𝑃𝐻2,𝐻𝐻𝑉 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 𝐸𝐻𝐻𝑉
0 · 𝑁 · 𝐼 (Eq. 16) 
If analysed in terms of how much hydrogen is fed into the stack, given a stoichiometry 𝜆 at the anode of 
the FC, the chemical power is: 
 
𝑃𝐻2,𝐻𝐻𝑉 𝑓𝑒𝑒𝑑 = 𝐸𝐻𝐻𝑉
0 · 𝑁 · 𝐼 · 𝜆𝑎𝑛𝑜𝑑𝑒    ;     𝜆 =
?̇?𝑓𝑒𝑒𝑑
?̇?𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
> 1  (Eq. 17) 
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5.4 Polarization curve 
The relation between the voltage and current of a FC is the most important characteristic defining the 
performance of the fuel cell. 
I-U curve or polarization curve is nonlinear due to various factors that affect the kinetics of the 
electrochemical reaction between oxygen and hydrogen. As electrons and ions move, there are nonlinear 
voltage losses dependant on the load that are a result of: 
• Oxygen reduction reaction (ORR) kinetics 
• Ohmic losses due to membrane ionic conductivity 
• Mass transport limitations at high load 
• Hydrogen oxidation reaction (HOR) kinetics 
According to [8] and [9], an equation that approximates the I-U curve is: 
 𝐸 = 𝐸0 − 𝑏 · (log(𝑗) + 3) − 𝑅1 · 𝑗 − 𝑚 · e
𝑛·𝑗 (Eq. 18) 
 
Whose parameters are: 
• 𝐸0 or measured open cell voltage, expressed in V 
• 𝑗 or current density (load), expressed in A cm2⁄  
• 𝑏 or voltage drop because of ORR, expressed in V dec⁄  
• 𝑅1 or internal resistance, expressed in Ω · cm
2 
• 𝑚 and 𝑛, empirical coefficients that define the voltage drop due to diffusion limitation, expressed 
in V and cm2 A⁄  respectively 
 
The polarization curve shown in Figure 2 has been calculated with the same parameters used in  [10]: 
 
{
 
 
 
 
𝐸0 = 1 V
𝑏 = 0,08V dec⁄
𝑅1 = 0,1 Ω · cm
2
𝑚 = 0,0003 V
𝑛 = 3,3 cm2 A⁄
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The polarization curve is: 
 
Figure 2. Polarization curve example 
 
5.5 Fuel cell stack power 
The electric power of a FC stack is the product of the voltage and the current: 
 𝑃𝑒𝑙 = 𝑈𝑠𝑡𝑎𝑐𝑘 · 𝐼 = 𝐴𝑣𝑒𝐶𝑒𝑙𝑙 · 𝑁 · 𝐼 (Eq. 19) 
As the voltage of all the cells is not going to be the same: 
 
𝐴𝑣𝑒𝐶𝑒𝑙𝑙 =
𝑈𝑠𝑡𝑎𝑐𝑘
𝑁
 (Eq. 20) 
The thermal power of the FC is all the chemical energy of the hydrogen not converted into electricity, thus: 
 𝑃𝑡ℎ𝑒𝑟𝑚 = 𝑃𝐻2,𝐻𝐻𝑉 − 𝑃𝑒𝑙  (Eq. 21) 
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Given the 2 heating values, thermal power varies depending on the state of aggregation of the product 
water and thus, it will be a combination of the next 2 equations (Eq. 22) and (Eq. 23): 
 
𝑃𝑡ℎ𝑒𝑟𝑚,𝐻𝐻𝑉 = (𝐸𝐻𝐻𝑉
0 − 𝐴𝑣𝑒𝐶𝑒𝑙𝑙) · 𝑁 · 𝐼 = 𝑃𝑒𝑙 · (
𝐸𝐻𝐻𝑉
0
𝐴𝑣𝑒𝐶𝑒𝑙𝑙
− 1) (Eq. 22) 
 
𝑃𝑡ℎ𝑒𝑟𝑚,𝐿𝐻𝑉 = (𝐸𝐿𝐻𝑉
0 − 𝐴𝑣𝑒𝐶𝑒𝑙𝑙) · 𝑁 · 𝐼 = 𝑃𝑒𝑙 · (
𝐸𝐿𝐻𝑉
0
𝐴𝑣𝑒𝐶𝑒𝑙𝑙
− 1) (Eq. 23) 
As not all thermal power can be recovered by the coolant, it can never reach the HHV thermal power: 
 𝑃𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 ℎ𝑒𝑎𝑡 < 𝑃𝑡ℎ𝑒𝑟𝑚,𝐻𝐻𝑉  (Eq. 24) 
 
Figure 3. Fuel cell energy balance 
Note that the recovered heat could be higher than the LHV thermal power, as some condensation could 
occur inside the FC stack. Anyway, as it can be seen in Figure 3, there will always be some rejected heat 
through radiation and convection at the FC surface and most importantly, as exhaust gas enthalpy (or 
increase in enthalpy with respect to the admission air). 
It is worth to comment that the FC stack used in the INN-BALANCE project is thermally isolated to have as 
much heat rejection through the cooling system as possible, and therefore to have control of its operating 
temperature, specially at low (and freezing) ambient temperatures. Is because of that, that it has been 
assumed that there are no losses because of radiation or convection to develop the model. 
Furthermore, it has also been done the hypothesis that the product water does not condensate inside the 
FC and therefore that the ratio between the 𝑃𝑡ℎ𝑒𝑟𝑚,𝐻𝐻𝑉  and 𝑃𝑡ℎ𝑒𝑟𝑚,𝐿𝐻𝑉 is lost through the exhaust. 
 𝑃𝑤𝑎𝑠𝑡𝑒 ℎ𝑒𝑎𝑡 = 𝑃𝑡ℎ𝑒𝑟𝑚,𝐻𝐻𝑉 − 𝑃𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 ℎ𝑒𝑎𝑡 = 𝑃𝑡ℎ𝑒𝑟𝑚,𝐻𝐻𝑉 − 𝑃𝑡ℎ𝑒𝑟𝑚,𝐿𝐻𝑉  (Eq. 25) 
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5.6 FC efficiency 
With all the power equations presented in section 5.5, considering that the efficiency of any process is the 
ratio between the useful extracted energy (or power) and the total available energy of the fuel: 
 
𝜂 =
(𝑢𝑠𝑒𝑓𝑢𝑙) 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑢𝑡𝑝𝑢𝑡
𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑝𝑢𝑡
=
(𝑢𝑠𝑒𝑓𝑢𝑙) 𝑝𝑜𝑤𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡
𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛𝑝𝑢𝑡
 (Eq. 26) 
Considering that there are 2 heating values to define the total available energy of the fuel, efficiencies 
calculated with the LHV are the ones that can be compared with combustion engines, as it is the way they 
are usually calculated. 
5.6.1 Thermodynamic efficiency 
The thermodynamic efficiency is the maximum efficiency that could be reached in case the FC was perfect. 
As it has already been seen, there is the Gibbs free energy that indicates the maximum extractible work of 
a thermodynamic process, therefore: 
 
𝜂𝑒𝑙,𝑚𝑎𝑥 =
Δ𝐺
Δ𝐻
 (Eq. 27) 
 
𝜂𝑒𝑙,𝑚𝑎𝑥,𝐿𝐻𝑉 =
∆𝑓𝐺𝐻2𝑂(𝑔)
−∆𝑓𝐻𝐻2𝑂(𝑔)
=
∆𝑓𝐺𝐻2𝑂(𝑔)
𝐿𝐻𝑉
=
𝐸𝑔
0
𝐸𝐿𝐻𝑉
0  (Eq. 28) 
 
𝜂𝑒𝑙,𝑚𝑎𝑥,𝐻𝐻𝑉 =
∆𝑓𝐺𝐻2𝑂(𝑙)
−∆𝑓𝐻𝐻2𝑂(𝑙)
=
∆𝑓𝐺𝐻2𝑂(𝑙)
𝐻𝐻𝑉
=
𝐸𝑙
0
𝐸𝐻𝐻𝑉
0  (Eq. 29) 
5.6.2 Electric efficiency 
Considering that electricity is the useful energy output: 
 
𝜂𝑒𝑙 =
𝑃𝑒𝑙
𝑃𝐻2,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 (Eq. 30) 
For the 2 heating values are therefore: 
 
𝜂𝑒𝑙,𝐿𝐻𝑉 =
𝑃𝑒𝑙
𝑃𝐻2,𝐿𝐻𝑉 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
=
𝐴𝑣𝑒𝐶𝑒𝑙𝑙
𝐸𝐿𝐻𝑉
0  (Eq. 31) 
 
𝜂𝑒𝑙,𝐻𝐻𝑉 =
𝑃𝑒𝑙
𝑃𝐻2,𝐻𝐻𝑉 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
=
𝐴𝑣𝑒𝐶𝑒𝑙𝑙
𝐸𝐻𝐻𝑉
0  (Eq. 32) 
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5.6.3 Fuel electric efficiency 
Considering that the amount of hydrogen fed to a FC is higher than the consumed one: 
 
𝜂𝑓𝑢𝑒𝑙,𝑒𝑙 =
𝑃𝑒𝑙
𝑃𝐻2,𝑓𝑒𝑒𝑑
 (Eq. 33) 
 
𝜂𝑓𝑢𝑒𝑙,𝑒𝑙,𝐿𝐻𝑉 =
𝑃𝑒𝑙
𝑃𝐻2,𝐿𝐻𝑉 𝑓𝑒𝑒𝑑
=
𝐴𝑣𝑒𝐶𝑒𝑙𝑙
𝐸𝐿𝐻𝑉
0 · 𝜆𝑎𝑛𝑜𝑑𝑒
 (Eq. 34) 
 
𝜂𝑓𝑢𝑒𝑙,𝑒𝑙,𝐻𝐻𝑉 =
𝑃𝑒𝑙
𝑃𝐻2,𝐻𝐻𝑉 𝑓𝑒𝑒𝑑
=
𝐴𝑣𝑒𝐶𝑒𝑙𝑙
𝐸𝐻𝐻𝑉
0 · 𝜆𝑎𝑛𝑜𝑑𝑒
 (Eq. 35) 
The relationship with the electric efficiency is then: 
 𝜂𝑓𝑢𝑒𝑙,𝑒𝑙 =
𝜂𝑒𝑙
𝜆𝑎𝑛𝑜𝑑𝑒
 (Eq. 36) 
5.6.4 Thermal efficiency 
Considering the thermal power as the useful one: 
 
𝜂𝑡ℎ𝑒𝑟𝑚 =
𝑃𝑡ℎ𝑒𝑟𝑚
𝑃𝑓𝑢𝑒𝑙,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
=
𝑃𝑓𝑢𝑒𝑙,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 − 𝑃𝑒𝑙
𝑃𝑓𝑢𝑒𝑙,𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 (Eq. 37) 
Based on the HHV: 
 
𝜂𝑡ℎ𝑒𝑟𝑚,𝐻𝐻𝑉 =
𝐸𝐻𝐻𝑉
0 − 𝐴𝑣𝑒𝐶𝑒𝑙𝑙
𝐸𝐻𝐻𝑉
0  (Eq. 38) 
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6 System design 
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Figure 4. Cooling loops schematics 
As it can be seen in Figure 4, there are 2 cooling loops in the car: the blue coloured loop is the low 
temperature (LT) cooling loop and the red coloured one, the high temperature (HT) loop. As stated in the 
previous section Scope of work, this project is focussed in the modelling and control system design of the 
high temperature cooling loop, namely the red circuit of Figure 4. 
The low temperature cooling loop is developed by another participant institution of the INN-BALANCE 
project and cools down mainly electronic and auxiliary components needed to run the FC. 
The relationship between the low and high temperature cooling loops is, that both dissipate the heat 
through radiators installed in the vehicle in a stack configuration, and that in this stack, the low 
temperature cooling circuit radiator as well as the condenser of the car cabin air conditioning system are 
situated in front of the radiator E-1 of the high temperature cooling circuit. 
Therefore, both the cabin air conditioning system and the low temperature cooling loop vary the 
temperature at which the air enters the high temperature cooling loop radiator, and therefore are treated 
in the model as disturbances. The control system must be able to withstand this disturbance. 
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The high temperature cooling system is composed basically by 3 loops: the main cooling system, the heater 
circuit and the cabin and hydrogen heating loop. These last 2 circuits derivate the coolant from the main 
cooling loop. 
The heater circuit is composed by the pump P-2, the heater E-3 and a valve right after the heater to avoid 
backflow when the heater system is not in use. The goal of this system is to warm up the coolant and the 
fuel cell when there are very low (or freezing) temperatures. 
The cabin and H2 heating loop, is composed by the pump P-5, the heat exchanger HEX-2 and a block called 
Cabin Heating that has its own pump inside. Both are treated in the model as a disturbance that draws 
heat from the main cooling system. 
The main cooling loop is composed by the following elements shown in Figure 4: FC stack cooling circuit, 
bypass valve (or 3-way valve) indicated as V-2, radiator (E-1), motorized valve (V-34), main pump (P-1), 
heater circuit pump (P-2) and heater (E-3). 
There is also a second radiator indicated as E-4, however, the layout of the vehicle system is not fixed at 
this point and in the test bench this radiator does not exist. Therefore, from now on it is only considered 
and modelled one radiator (E-1). It is worth mentioning that in the Simulink™ model the radiator has been 
implemented so the addition of further radiators is just a matter of copy, paste and change of a couple of 
parameters, basically the size of the elements of the radiator. 
There are also auxiliary components, namely the valve V-1 to drain the cooling system, the filters FIL-3 and 
FIL-4 that are the deionization filter and the particulate filter, valve V-16 and valve V-5 to fill the fuel cell 
with coolant from the expansion tank. 
The last thing that, despite not being directly part of the cooling loop, has a great influence on the 
temperatures of the system (specially at low speed) and therefore take a big role in the control system is 
the fan (Control signal C-3). It is worth mentioning that this fan is not an exclusive part of the high 
temperature cooling loop but of a stack of heat exchangers, in which there is the high temperature cooling 
loop radiator. 
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7 Model approach 
There have been made some assumptions to develop the thermal model of the high temperature cooling 
system. The first one is that both cooling fluids, the air and the coolant, have variable properties depending 
on the temperature and therefore every time there is a heat exchange, an average temperature and the 
needed parameters of the fluids must be obtained. 
The second one is that the hydraulic pressure loss throughout the system has not been modelled, as this 
is not a hydraulic model of the system but a thermal one. There are some interactions between the thermal 
and the hydraulic part, like when a control signal to the pump must be given, but what has been done is 
to give a target flow to the pump and a second control system not developed in this model is the one 
responsible of controlling the pump to deliver it. On the test bench this control system has been 
implemented afterwards. 
Heat conduction through the coolant has not been modelled as the speed at which the coolant flows inside 
the cooling loop is high enough, so the conduction effect of the coolant is negligible. 
Thermal mass has been considered only in certain critical points of the system. 
Furthermore, not all the necessary specs to develop this radiator model were available, and therefore 
some parameters had been obtained by doing parameter fitting, modifying them until the radiator model 
matched some experimental data provided by a project partner developing the car system layout. 
 
7.1 Coolant properties 
The coolant used in the High Temperature Cooling Circuit is Glysantin® FC G 20-00/50 from BASF. 
Therefore, all the following estimations are based on the data present in the specification sheet. 
7.1.1 Coolant Density 
To estimate the density the following data has been extracted from BASF provided density graph: 
Temperature Density Temperature Density 
-20 ℃ 1,088 g/cm3 40 ℃ 1,055 g/cm3 
-10 ℃ 1,083 g/cm3 50 ℃ 1,048 g/cm3 
0 ℃ 1,078 g/cm3 60 ℃ 1,0415 g/cm3 
10 ℃ 1,0725 g/cm3 70 ℃ 1,034 g/cm3 
20 ℃ 1,067 g/cm3 80 ℃ 1,027 g/cm3 
30 ℃ 1,061 g/cm3   
Table 1. Density of the Glysantin® FC G 20-00/50 as a function of the temperature 
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The corresponding graph and trend line are: 
 
Figure 5. Density of the Glysantin® FC G 20-00/50 as a function of temperature 
As it can be seen in Figure 5, a second-degree polynomial has been used for the density data fitting. The 
parameter fitting has been done by least square minimization and it is only valid for the temperature range 
between −20℃ and 80℃. Therefore, for the average temperature 𝑇 given in ℃ the following equation 
describes the coolant density: 
 
𝜌𝑟𝑒𝑓 =
−1,439
106
· 𝑇 2 −
5,241
104
· 𝑇 + 1,078    ;     [𝜌𝑟𝑒𝑓] =
kg
m3
 (Eq. 39) 
7.1.2 Coolant Heat Conductivity 
Like in the case of the coolant density, the following values have been taken for the heat conductivity: 
Temperature Heat Conductivity 
0 ℃ 0,41 W/(K·m) 
10 ℃ 0,416 W/(K·m) 
20 ℃ 0,421 W/(K·m) 
30 ℃ 0,426 W/(K·m) 
40 ℃ 0,431 W/(K·m) 
50 ℃ 0,436 W/(K·m) 
60 ℃ 0,442 W/(K·m) 
70 ℃ 0,447 W/(K·m) 
80 ℃ 0,452 W/(K·m) 
90 ℃ 0,4575 W/(K·m) 
Table 2. Heat Conductivity of the Glysantin® FC G 20-00/50 as a function of the temperature 
y = -1,439E-06x2 - 5,241E-04x + 1,078E+00
R² = 9,999E-01
1,02 g/cm3
1,03 g/cm3
1,04 g/cm3
1,05 g/cm3
1,06 g/cm3
1,07 g/cm3
1,08 g/cm3
1,09 g/cm3
1,1 g/cm3
-20 ℃ -10 ℃ 0 ℃ 10 ℃ 20 ℃ 30 ℃ 40 ℃ 50 ℃ 60 ℃ 70 ℃ 80 ℃
D
en
si
ty
 in
 g
/c
m
3
Temperature in ℃
Density
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The corresponding graph and trend line are: 
 
Figure 6. Heat Conductivity of the Glysantin® FC G 20-00/50 as a function of the temperature 
As it can be seen in Figure 6, a linear regression is used for the heat conductivity data fitting. The parameter 
fitting has been done by least square minimization and it is only valid for the temperature range between 
0℃ and 90℃. Given an average temperature 𝑇 in ℃ the following equation gives the heat conductivity: 
 
𝜆𝑟𝑒𝑓 =
5,227
104
· 𝑇 + 0,4103    ;     [𝜆𝑟𝑒𝑓] =
W
K · m
 (Eq. 40) 
7.1.3 Coolant Heat Capacity 
For the coolant heat capacity, the following values have been taken: 
Temperature Specific Heat Capacity 
0 ℃ 3150 J/(kg·K) 
10 ℃ 3195 J/(kg·K) 
20 ℃ 3242,5 J/(kg·K) 
30 ℃ 3290 J/(kg·K) 
40 ℃ 3335 J/(kg·K) 
50 ℃ 3382,5 J/(kg·K) 
60 ℃ 3430 J/(kg·K) 
70 ℃ 3475 J/(kg·K) 
80 ℃ 3520 J/(kg·K) 
90 ℃ 3570 J/(kg·K) 
Table 3. Heat Capacity of the Glysantin® FC G 20-00/50 as a function of the temperature 
y = 5,227E-04x + 4,103E-01
R² = 9,997E-01
0,4 W/(K·m)
0,41 W/(K·m)
0,42 W/(K·m)
0,43 W/(K·m)
0,44 W/(K·m)
0,45 W/(K·m)
0,46 W/(K·m)
0 ℃ 10 ℃ 20 ℃ 30 ℃ 40 ℃ 50 ℃ 60 ℃ 70 ℃ 80 ℃ 90 ℃
H
ea
t 
co
n
d
u
ct
iv
it
y 
in
 W
/(
K
·m
)
Temperature in ℃
Heat Conductivity
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The corresponding graph and trend line are: 
 
Figure 7. Heat Capacity of the Glysantin® FC G 20-00/50 as a function of the temperature 
For the specific heat capacity, a linear regression is used again for the data fitting. The parameter fitting 
has been done by least square minimization and it is only valid for the temperature range between 0℃ 
and 90℃. For an average temperature 𝑇 introduced in ℃ the following equation returns the specific heat 
capacity: 
 
𝐶𝑝𝑟𝑒𝑓 = 4,6576 · 𝑇 + 3149,4    ;     [𝐶𝑝𝑟𝑒𝑓] =
J
kg · K
 (Eq. 41) 
7.1.4 Coolant Kinematic Viscosity 
Finally, for the coolant kinematic viscosity, the following values are stated in the spec sheet: 
Temperature Kinematic Viscosity 
0 ℃ 7,55 mm2/s 
20 ℃ 3,52 mm2/s 
40 ℃ 1,98 mm2/s 
60 ℃ 1,29 mm2/s 
80 ℃ 0,91 mm2/s 
Table 4. Kinematic Viscosity of the Glysantin® FC G 20-00/50 as a function of the temperature 
y = 4,658E+00x + 3,149E+03
R² = 9,999E-01
3100 J/(kg·K)
3150 J/(kg·K)
3200 J/(kg·K)
3250 J/(kg·K)
3300 J/(kg·K)
3350 J/(kg·K)
3400 J/(kg·K)
3450 J/(kg·K)
3500 J/(kg·K)
3550 J/(kg·K)
3600 J/(kg·K)
0 ℃ 10 ℃ 20 ℃ 30 ℃ 40 ℃ 50 ℃ 60 ℃ 70 ℃ 80 ℃ 90 ℃
Sp
ec
if
ic
 h
ea
t 
ca
p
ac
it
y 
in
 J
/(
kg
·K
)
Temperature in ℃
Specific Heat Capacity
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In this case, none of the values has been taken from a graph and were given by BASF in the datasheet. 
The corresponding graph and trend lines are: 
 
Figure 8. Kinematic Viscosity of the Glysantin® FC G 20-00/50 as a function of the temperature 
In this case the values are represented by 2 functions. The first 3 values (for 0 ℃, 20 ℃ and 40 ℃) are 
approximated by the second-degree polynomial and the last 3 values (for 40 ℃ again, 60 ℃ and 80 ℃) 
are approximated by the exponential function. Other combinations have been tested, but this one satisfies 
the fact that with the increase of temperature, the dynamic viscosity goes increasingly down in an 
asymptotic way to 0 and approximates with the minimum error the low temperature values. Both 
functions have been adjusted by least square minimization. 
The crossing point (or temperature) of both equations is: 
 3,112
103
· 𝑇2 − 0,2637 · 𝑇 + 7,55 = 4,2514 · 𝑒−0,01944·𝑇 → 𝑇 = 32,903 ℃ (Eq. 42) 
Therefore, for an average temperature 𝑇 given in ℃ the following equation approximate the kinematic 
viscosity for temperatures below 32,903 ℃ and over 0℃: 
y = 3,112E-03x2 - 2,637E-01x + 7,550E+00
R² = 1,000E+00
y = 4,251E+00e-1,944E-02x
R² = 9,965E-01
0 mm2/s
1 mm2/s
2 mm2/s
3 mm2/s
4 mm2/s
5 mm2/s
6 mm2/s
7 mm2/s
8 mm2/s
0 ℃ 10 ℃ 20 ℃ 30 ℃ 40 ℃ 50 ℃ 60 ℃ 70 ℃ 80 ℃
K
in
em
at
ic
 V
is
co
si
ty
 in
 m
m
2
/s
Temperature in ℃
Kinematic Viscosity [mm2/s]
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𝜈𝑟𝑒𝑓 =
3,112
103
· 𝑇2 − 0,2637 · 𝑇 + 7,55    ;     [𝜈𝑟𝑒𝑓] =
mm2
s
 (Eq. 43) 
For an average temperature 𝑇 given in ℃ the following equation approximate the kinematic viscosity for 
temperatures equal or above 32,903 ℃ and below 80 ℃: 
 
𝜈𝑟𝑒𝑓 = 4,2514 · 𝑒
−0,01944·𝑇    ;     [𝜈𝑟𝑒𝑓] =
mm2
s
 (Eq. 44) 
 
7.2 Air properties 
The air properties have been modelled according to the equations present in the chapter D2 of the VDI 
Heat Atlas Second Edition [11]. 
7.2.1 Air Density 
To estimate the air density, the ideal gas law is indicated for low pressure values: 
 𝜌𝑎𝑖𝑟 =
𝑝
𝑅 · 𝑇
· 𝑀𝑎𝑖𝑟 (Eq. 45) 
 𝑀𝑎𝑖𝑟 = 28,9583 
g
mol
  
7.2.2 Air Heat Conductivity 
To estimate the air heat conductivity, the next equation and parameters are used: 
 
𝜆𝑎𝑖𝑟 = 𝐴 + 𝐵 · 𝑇 + 𝐶 · 𝑇
2 + 𝐷 · 𝑇3 + 𝐸 · 𝑇4    ;     [𝜆𝑎𝑖𝑟] =
W
K · m
 (Eq. 46) 
 
{
 
 
 
 
 
 
 
 𝐴 =
−0,908
103
𝐵 =
0,112
103
𝐶 =
−0,084333
106
𝐷 =
0,056864
109
𝐸 =
−0,015631
1012
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7.2.3 Air Heat Capacity 
To estimate the air heat capacity, the next equation and parameters are used: 
 
𝐶𝑝𝑎𝑖𝑟 = [𝐵 + (𝐶 − 𝐵) · (
𝑇
𝐴 + 𝑇
)
2
· [1 −
𝐴
𝐴 + 𝑇
· [𝐷 + 𝐸 ·
𝑇
𝐴 + 𝑇
+ 𝐹 · (
𝑇
𝐴 + 𝑇
)
2
→ 
→ + 𝐺 · (
𝑇
𝐴 + 𝑇
)
3
]]] ·
𝑅
𝑀
    ;     [𝐶𝑝𝑎𝑖𝑟] =
J
g · K
 
(Eq. 47) 
 
𝑅 = 8,314 
kg · m2
s2 · K · mol
   ;     {
𝐴 = 2548,932
𝐵 = 3,5248
𝐶 = −0,6366
𝐷 = −3,4281
    ;     {
𝐸 = 49,8238
𝐹 = −120,3466
𝐺 = 98,8658
  
7.2.4 Air Dynamic Viscosity 
To estimate the air dynamic viscosity, the next equation and parameters are used: 
 
𝜇𝑎𝑖𝑟 = 𝐴 + 𝐵 · 𝑇 + 𝐶 · 𝑇
2 + 𝐷 · 𝑇3 + 𝐸 · 𝑇4    ;     [𝜇𝑎𝑖𝑟] =
μPa
s
 (Eq. 48) 
 
{
 
 
 
 
 
 
 
 𝐴 =
−0,01702
105
𝐵 =
0,79965
107
𝐶 =
−0,72183
1010
𝐷 =
0,0496
1012
𝐸 =
−0,01388
1015
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7.3 Radiator model (E-1) 
 
Figure 9. Radiator with 2 stages 
The radiator consists of two stages: stage A is the low temperature (LT) stage used for the low temperature 
cooling cycle while stage B is used for the high temperature (HT) cooling cycle. 
The air passes stage B after stage A in crossflow manner respectively, and therefore introduces a 
disturbance in the intake air temperature of stage B (or radiator E-1). 
The flow rate and the composition of the HT und LT cooling liquids are independent of each other. Only 
the stage B is modeled. 
Both average temperatures between intake and outlet air and coolant temperatures are used to estimate 
the properties of each fluid respectively. 
To obtain both output temperatures P-NTU model equations have been used [12]. 
A local heat flux ?̇? is equivalent to a temperature difference (𝑇𝑟𝑒𝑓 − 𝑇𝑎𝑖𝑟) and a local heat transfer 
coefficient 𝑘𝑙𝑜𝑐: 
 ?̇? = 𝑘𝑙𝑜𝑐 · (𝑇𝑟𝑒𝑓 − 𝑇𝑎𝑖𝑟) (Eq. 49) 
The total heat flow rate ?̇? is then obtained by integrating the local heat flux throughout the entire area of 
the heat transfer surface. 
HT IN 
LT OUT 
Air (1) 
(3) 
(2) 
2 1 
3 4 
HT OUT 
LT IN A 
B 
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?̇? = ∮ ?̇? · 𝑑𝐴
𝐴
 (Eq. 50) 
By using a mean overall heat transfer coefficient 𝑘 and a mean temperature difference ∆𝑇𝑚, (Eq. 49) and 
(Eq. 50) can be replaced by: 
 ?̇? = 𝑘 · 𝐴 · ∆𝑇𝑚 (Eq. 51) 
 
∆𝑇𝑚 =
1
𝐴
· ∫ (𝑇𝑟𝑒𝑓 − 𝑇𝑎𝑖𝑟)
∗
· 𝑑𝐴
𝐴
 (Eq. 52) 
In equation (Eq. 52), (𝑇𝑟𝑒𝑓 − 𝑇𝑎𝑖𝑟)
∗
 is the hypothetical local temperature difference if the heat capacities 
and the mean value 𝑘 are constant. 
The heat flow rate in steady state operation is: 
 ?̇? = ?̇?𝑟𝑒𝑓 · (ℎ𝑟𝑒𝑓𝑖𝑛𝑙𝑒𝑡 − ℎ𝑟𝑒𝑓𝑜𝑢𝑡𝑙𝑒𝑡) = −?̇?𝑎𝑖𝑟 · (ℎ𝑎𝑖𝑟𝑖𝑛𝑙𝑒𝑡 − ℎ𝑎𝑖𝑟𝑜𝑢𝑡𝑙𝑒𝑡) 
(Eq. 53) 
In (Eq. 53) the heat flow to the surroundings, kinetic and potential energies and all energy transferred into 
the system from outside are ignored. It is a valid equation for single phase systems, like the one modeled, 
as well as with changes of phase and chemical reactions. 
 
Figure 10. Schematic diagram of the heat exchanger 
Figure 10 shows the process that takes place in a P-NTU model. ?̇?𝑟𝑒𝑓 and ?̇?𝑎𝑖𝑟 are the mass flows of both 
fluids, 𝑇𝑟𝑒𝑓𝑖𝑛𝑙𝑒𝑡 and 𝑇𝑎𝑖𝑟𝑖𝑛𝑙𝑒𝑡 are the inlet temperatures of the fluids, 𝑇𝑟𝑒𝑓𝑜𝑢𝑡𝑙𝑒𝑡 and 𝑇𝑎𝑖𝑟𝑜𝑢𝑡𝑙𝑒𝑡 are the 
outlet temperatures of both fluids, and ?̇?𝑟𝑒𝑓 and ?̇?𝑎𝑖𝑟 are the average heat capacity between the inlet 
and outlet temperatures of both fluids. 
  
𝑘 · 𝐴 
?̇?𝑟𝑒𝑓  ;   ?̇?𝑟𝑒𝑓 
𝑇𝑟𝑒𝑓𝑖𝑛𝑙𝑒𝑡   ;   ℎ𝑟𝑒𝑓𝑖𝑛𝑙𝑒𝑡 𝑇𝑟𝑒𝑓𝑜𝑢𝑡𝑙𝑒𝑡  ;   ℎ𝑟𝑒𝑓𝑜𝑢𝑡𝑙𝑒𝑡 
𝑇𝑎𝑖𝑟𝑜𝑢𝑡𝑙𝑒𝑡  ;   ℎ𝑎𝑖𝑟𝑜𝑢𝑡𝑙𝑒𝑡 
𝑇𝑎𝑖𝑟𝑖𝑛𝑙𝑒𝑡   ;   ℎ𝑎𝑖𝑟𝑖𝑛𝑙𝑒𝑡 
?̇?𝑎𝑖𝑟   ;   ?̇?𝑎𝑖𝑟 
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In single phase systems, the heat capacity rate is: 
 
?̇?𝑟𝑒𝑓 =
?̇?𝑟𝑒𝑓 · (ℎ𝑟𝑒𝑓𝑖𝑛𝑙𝑒𝑡 − ℎ𝑟𝑒𝑓𝑜𝑢𝑡𝑙𝑒𝑡)
𝑇𝑟𝑒𝑓𝑖𝑛𝑙𝑒𝑡 − 𝑇𝑟𝑒𝑓𝑜𝑢𝑡𝑙𝑒𝑡
= ?̇?𝑟𝑒𝑓 · ∆𝐶𝑝𝑟𝑒𝑓 (Eq. 54) 
 
?̇?𝑎𝑖𝑟 =
?̇?𝑎𝑖𝑟 · (ℎ𝑎𝑖𝑟𝑖𝑛𝑙𝑒𝑡 − ℎ𝑎𝑖𝑟𝑜𝑢𝑡𝑙𝑒𝑡)
𝑇𝑎𝑖𝑟𝑖𝑛𝑙𝑒𝑡 − 𝑇𝑎𝑖𝑟𝑜𝑢𝑡𝑙𝑒𝑡
= ?̇?𝑎𝑖𝑟 · ∆𝐶𝑝𝑎𝑖𝑟 (Eq. 55) 
Equations (Eq. 51), (Eq. 53), (Eq. 54) and (Eq. 55) can then be combined to: 
 ?̇? = 𝑘 · 𝐴 · (𝑇𝑎𝑖𝑟𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑎𝑖𝑟𝑖𝑛𝑙𝑒𝑡) = 𝑘 · 𝐴 · (𝑇𝑟𝑒𝑓𝑖𝑛𝑙𝑒𝑡 − 𝑇𝑟𝑒𝑓𝑜𝑢𝑡𝑙𝑒𝑡) 
(Eq. 56) 
The P-NTU model allows to calculate the hole heat exchange process without the need of iterations by 
obtaining a mean overall heat transfer coefficient 𝑘, however in the model iterations are done to obtain 
the average temperature of the fluids and therefore its characteristics. It has been done this way because 
after one or two iterations the solution converges and because it is very straightforward to implement in 
Simulink™ and adds precision to the results. 
 
7.3.1 Estimation of the Heat Transfer Coefficients 
To begin with, the estimation of the heat transfer coefficients is performed. 
 
Coolant Side 
Geometry and Hydraulic Diameter 
The radiator has 68 tubes with 2 channels in each tube. In Figure 11 it can be seen the cross-section of one 
of the radiator tubes, and therefore 𝑇𝐷 represents the width, 𝑇𝑇 the thickness of the aluminium wall and 
𝐷𝑀 the height of the tubes. 
Furthermore, the parameter 𝑇𝐿 represents the length of the tubes, 𝑇𝑃 the pitch or distance between the 
bottom of a tube and the bottom of the next one and 𝑁𝑇  and 𝐶𝑇 are the number of tubes and number of 
channels per tube respectively. 
  
 
 
Page 36 
M
o
d
el
 B
as
ed
 C
o
n
tr
o
l S
ys
te
m
 D
e
ve
lo
p
m
en
t 
fo
r 
th
e 
Th
er
m
al
 M
an
ag
e
m
en
t 
o
f 
a 
Fu
el
 C
e
ll 
P
o
w
e
re
d
 P
as
se
n
ge
r 
C
ar
 
 
Figure 11. Geometry of the radiator tubes 
 
Figure 12. Frontal section geometry 
 
{
 
 
 
 
𝑇𝐷 = 16 mm
𝐷𝑀 = 2,03 mm
𝑇𝑇 = 0,2 mm
𝑇𝐿 = 692 mm
𝑇𝑃 = 8 mm
    ;     {
𝑁𝑇 = 68
𝐶𝑇 = 2
  
The following areas and perimeters must be calculated to get the hydraulic diameter: 
 
𝑃𝑇 = 2 · (
𝑇𝐷 − 𝐷𝑀
2
− 𝑇𝑇) + (𝐷𝑀 − 2 · 𝑇𝑇) +
𝜋 · (𝐷𝑀 − 2 · 𝑇𝑇)
2
= 17,76 mm (Eq. 57) 
 
𝐴0 = (
𝑇𝐷 − 𝐷𝑀
2
− 𝑇𝑇) · (𝐷𝑀 − 2 · 𝑇𝑇) +
𝜋
2
· (
𝐷𝑀 − 2 · 𝑇𝑇
2
)
2
= 12,103 mm2 (Eq. 58) 
 𝐴𝑟𝑒𝑓 = 𝑁𝑇 · 𝐶𝑇 · 𝑃𝑇 · 𝑇𝐿 = 1,671 m
2 (Eq. 59) 
 
𝐷𝐻 =
4 · 𝐴0
𝑃𝑇
= 2,726 mm (Eq. 60) 
TD 
DM 
TT 
2·T
T
 
TL 
TP 
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The parameter PT represents the perimeter of one of the channels of one tube, A0 the cross-section area 
of it, AR the total area of heat exchange and finally is obtained DH or hydraulic diameter. 
Coolant Speed 
The speed of the fluid inside the radiator tubs follows the next equation: 
 
𝑉𝑆 =
?̇?𝑟𝑒𝑓
𝜌𝑟𝑒𝑓 · 𝑁𝑇 · 𝐶𝑇 · 𝐴0
    ;     [𝑉𝑆] =
m
s
 (Eq. 61) 
Dynamic Viscosity 
To get the dynamic viscosity of the coolant, the following equation has been used: 
 𝜇𝑟𝑒𝑓 = 𝜈𝑟𝑒𝑓 · 𝜌𝑟𝑒𝑓    ;    [𝜇𝑟𝑒𝑓] = Pa · s (Eq. 62) 
Reynolds 
With the variables already computed, the Reynolds number is obtained: 
 
𝑅𝑒𝑟𝑒𝑓 =
𝑉𝑆 · 𝐷𝐻
𝜈𝑟𝑒𝑓
 (Eq. 63) 
Prandtl 
Alike, the Prandtl number is obtained: 
 
𝑃𝑟𝑟𝑒𝑓 =
𝐶𝑝𝑟𝑒𝑓 · 𝜇𝑟𝑒𝑓
𝜆𝑟𝑒𝑓
 (Eq. 64) 
Nusselt 
The heat transfer coefficient on the coolant side is calculated with the equations according to [13] for 
laminar or turbulent pipe internal flow. For laminar flow (Re <2300), a distinction is made between the 
case "constant wall temperature" and "constant heat flow density". 
Nusselt with Laminar Flow 
In fact, none of both constraints is satisfied and an average value of the two approaches can be expected: 
 
𝑁𝑢𝐿 =
1
2
(𝑁𝑢𝐿𝑇 +𝑁𝑢𝐿𝐻) (Eq. 65) 
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Nusselt with Laminar Flow and Constant Wall Temperature 
In the first case, the average Nusselt number is: 
 𝑁𝑢𝐿1𝑇 = 3,66 (Eq. 66) 
 
𝑁𝑢𝐿2𝑇 = 1,077 · (𝑅𝑒𝑟𝑒𝑓 · 𝑃𝑟𝑟𝑒𝑓 ·
𝐷𝐻
𝑇𝐿
)
1
3
 (Eq. 67) 
 
𝑁𝑢𝐿3𝑇 = (
2
1 + 22 · 𝑃𝑟𝑟𝑒𝑓
)
1
6
· (𝑅𝑒𝑟𝑒𝑓 · 𝑃𝑟𝑟𝑒𝑓 ·
𝐷𝐻
𝑇𝐿
)
1
2
 (Eq. 68) 
 
𝑁𝑢𝐿𝑇 = (𝑁𝑢𝐿1𝑇
3 + 0,73 + (𝑁𝑢𝐿2𝑇 − 0,7)
3
+𝑁𝑢𝐿3𝑇
3)
1
3
 (Eq. 69) 
Nusselt with Laminar Flow and Constant Heat Flow Density 
In the second case, the average Nusselt number is: 
 𝑁𝑢𝐿1𝐻 = 4,364 (Eq. 70) 
 
𝑁𝑢𝐿2𝐻 = 1,953 · (𝑅𝑒𝑟𝑒𝑓 · 𝑃𝑟𝑟𝑒𝑓 ·
𝐷𝐻
𝑇𝐿
)
1
3
 (Eq. 71) 
 
𝑁𝑢𝐿3𝐻 = 0,924 · 𝑃𝑟𝑟𝑒𝑓
1
3 · (𝑅𝑒𝑟𝑒𝑓 ·
𝐷𝐻
𝑇𝐿
)
1
2
 (Eq. 72) 
 
𝑁𝑢𝐿𝐻 = (𝑁𝑢𝐿1𝐻
3 + 0,63 + (𝑁𝑢𝐿2𝐻 − 0,6)
3
+𝑁𝑢𝐿3𝐻
3)
1
3
 (Eq. 73) 
Nusselt with Turbulent Flow 
For turbulent flow (Re> 104) the equation according to Gnielinski [14] can be used: 
 
𝑁𝑢𝑇 =
𝜉
8 · 𝑅𝑒𝑟𝑒𝑓 · 𝑃𝑟𝑟𝑒𝑓
1 + 12,7 · √
𝜉
8 · (𝑃𝑟𝑟𝑒𝑓
2
3 − 1)
· (1 + (
𝐷𝐻
𝑇𝐿
)
2
3
) (Eq. 74) 
 
𝜉 =
1
(1,8 · log10(𝑅𝑒𝑟𝑒𝑓) − 1,5)
2 (Eq. 75) 
  
 
 
Page 39 
M
o
d
el
 B
as
ed
 C
o
n
tr
o
l S
ys
te
m
 D
e
ve
lo
p
m
en
t 
fo
r 
th
e 
Th
er
m
al
 M
an
ag
e
m
en
t 
o
f 
a 
Fu
el
 C
e
ll 
P
o
w
e
re
d
 P
as
se
n
ge
r 
C
ar
 
Nusselt with Transient Flow 
In the transition region between laminar and turbulent flow, a linear interpolation approach by Gnielinski 
is used: 
 𝑁𝑢 = (1 − 𝛾) · 𝑁𝑢𝐿2300 + 𝛾 · 𝑁𝑢𝑇104 (Eq. 76) 
 
𝛾 =
𝑅𝑒𝑟𝑒𝑓 − 2300
104 − 2300
 (Eq. 77) 
Heat Transfer Coefficient 
Finally, the heat transfer coefficient is obtained by making use of the Nusselt number: 
 
ℎ𝑟𝑒𝑓 =
𝑁𝑢𝑟𝑒𝑓 · 𝜆𝑟𝑒𝑓
𝐷𝐻
    ;     [ℎ𝑟𝑒𝑓] =
W
m2 · K
 (Eq. 78) 
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Air side 
Geometry and Hydraulic Diameter 
In Figure 13 [15] it is possible to see the different parameters that are used to define the radiator and fins 
geometry at the air side. Therefore, 𝜃 is the louver angle, FP the fins pitch, LP the louver pitch, FL the fins 
length, LL the louvers length and FT the fins thickness. 
It is important to note that the louvers parameters 𝜃, 𝐿𝑃 and 𝐿𝐿 are not available in the radiator spec sheet 
and a value of 𝐿𝑃 = 0,4 mm has been used in a simplified equation. More details can be found in section 
10.1. 
 
Figure 13. Air side geometry of the radiator and characteristic parameters [15] 
 
{
 
 
𝐹𝑃 = 0,952 mm
𝐿𝑃 = 0,4 mm
𝐹𝐿 = 𝑇𝑃 −𝐷𝑀 = 5,97 mm
𝐹𝑇 = 0,07 mm
    ;     {
𝑇𝐷 = 16 mm
𝑇𝑃 = 8 mm
𝑇𝐿 = 692 mm
𝐹𝑅 = 𝑁𝑇 + 1 = 69
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Furthermore, the number of fin rows (𝐹𝑅) and a reminder of some of the variables already defined in the 
coolant side calculations is given in the right bracket as they are used up next. 
To calculate the frontal area of the radiator, it is calculated the area of the triangle defined by the fins: 
 𝐴𝑇 = (𝐹𝐿 − 𝐹𝑇) · 𝐹𝑃 = 5,617 mm
2 (Eq. 79) 
 
𝐹𝐴𝑟𝑎𝑑 = 𝐴𝑇 · 𝐹𝑅 ·
𝑇𝐿
𝐹𝑃
= 0,282 m2 (Eq. 80) 
The perimeter of the triangle is therefore: 
 
𝑃𝑇 = 2 · (𝐹𝑃 +√𝐹𝐿
2 + 𝐹𝑃
2) = 13,995 mm (Eq. 81) 
To calculate the heat exchange area is necessary to calculate the efficiency of the fins. For that is needed 
the heat exchange coefficient and thus it is calculated in section Heat Exchange Area. 
Air Speed 
 
𝑉𝑆 =
?̇?𝑎𝑖𝑟
𝜌𝑎𝑖𝑟 · 𝐹𝐴𝑟𝑎𝑑
    ;     [𝑉𝑆] =
m
s
 (Eq. 82) 
Reynolds 
With the variables already computed, the Reynolds number is obtained. In this case the characteristic 
dimension is the louver pitch instead of the hydraulic diameter. 
 
𝑅𝑒𝐿𝑃 =
𝜌𝑎𝑖𝑟 · 𝑉𝑆 · 𝐿𝑃
𝜇𝑎𝑖𝑟
 (Eq. 83) 
Prandtl 
Alike, the Prandtl number is obtained: 
 
𝑃𝑟𝑎𝑖𝑟 =
𝐶𝑝𝑎𝑖𝑟 · 𝜇𝑎𝑖𝑟
𝜆𝑎𝑖𝑟
 (Eq. 84) 
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Nusselt 
On the air side, to calculate the Nusselt number an approach for the Colburn-factor according to [16] is 
used: 
 
𝑗 = 𝑅𝑒𝐿𝑃
−0,49 · (
𝜃
90
)
0,27
· (
𝐹𝑃
𝐿𝑃
)
−0,14
· (
𝐹𝐿
𝐿𝑃
)
−0,29
· (
𝑇𝐷
𝐿𝑃
)
−0,23
· (
𝐿𝐿
𝐿𝑃
)
0,68
· → 
→ · (
𝑇𝑃
𝐿𝑃
)
−0,28
· (
𝐹𝑇
𝐿𝑃
)
−0,05
 
(Eq. 85) 
The same source also says that the parameter j can be approximated by the following equation given by 
[17], and it has been calculated this way: 
 𝑗 = 0,425 · 𝑅𝑒𝐿𝑃
−0,496 (Eq. 86) 
 
𝑁𝑢𝑎𝑖𝑟 = 𝑗 · 𝑅𝑒𝐿𝑃 · 𝑃𝑟
1
3 (Eq. 87) 
There is missing data regarding the specs of the radiator geometry, especially regarding the louver 
geometry. Therefore, the approximation has been used making 𝐿𝑃 the only missing parameter. 
By adjusting this parameter to 𝐿𝑃 = 0,4 𝑚𝑚, the model results and the experimental results are very 
similar. More information about the parameter fitting can be found in section 10.1. 
Heat Transfer Coefficient 
Finally, the Heat Transfer Coefficient is obtained: 
 
ℎ𝑎𝑖𝑟 =
𝑁𝑢𝑎𝑖𝑟 · 𝜆𝑎𝑖𝑟
𝐿𝑃
    ;     [ℎ𝑎𝑖𝑟] =
W
m2 · K
 (Eq. 88) 
Efficiency of the fins 
In this case the efficiency of the fins must be obtained to get an equivalent area of heat exchange. First, 
ml is calculated: 
 
𝑚𝑙 = √
2 · ℎ𝑎𝑖𝑟
𝜆𝑎𝑙𝑢 · 𝐹𝑇
· (1 +
𝐹𝑇
𝐹𝐿
) · (
1
2
· √𝐹𝐿
2 + 𝐹𝑃
2 − 𝐹𝑇) (Eq. 89) 
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The efficiency is thus: 
 
𝜂 =
tanh(𝑚𝑙)
𝑚𝑙
 (Eq. 90) 
Heat Exchange Area 
Now it is possible to calculate the equivalent area of heat exchange at the air side of the radiator: 
 
𝐴𝑅 = 𝑇𝐷 · 𝑃𝑇 · (𝐹𝑅 ·
𝑇𝐿
𝐹𝑃
) · 𝜂 (Eq. 91) 
Heat Transfer through the Radiator Wall 
To calculate the area of the wall the average value between the area in touch with the coolant and with 
the air is taken. The area of heat exchange with the coolant has been previously calculated (Eq. 59). 
 𝐴𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = 𝑁𝑇 · (2 · (𝑇𝐷 − 𝐷𝑀) + 𝜋 · 𝐷𝑀) · 𝑇𝐿 = 1,615 m
2 (Eq. 92) 
 
𝐴𝑤𝑎𝑙𝑙 =
𝐴𝑅𝑒𝑓 + 𝐴𝑜𝑢𝑡𝑠𝑖𝑑𝑒
2
= 1,643 m2 (Eq. 93) 
Heat Transfer of the system 
To get the heat transfer of the system the following formula has been used: 
 
𝐾𝐴𝑟𝑒𝑓 = ℎ𝑟𝑒𝑓 · 𝐴𝑟𝑒𝑓    ;     [𝐾𝐴𝑟𝑒𝑓] =
W
K
 (Eq. 94) 
 
𝐾𝐴𝑎𝑖𝑟 = ℎ𝑎𝑖𝑟 · 𝐴𝑎𝑖𝑟    ;     [𝐾𝐴𝑎𝑖𝑟] =
W
K
 (Eq. 95) 
 
𝐾𝐴𝑤𝑎𝑙𝑙 =
𝜆𝑎𝑙𝑢
𝑇𝑇
· 𝐴𝑤𝑎𝑙𝑙    ;     [𝐾𝐴𝑤𝑎𝑙𝑙] =
W
K
 (Eq. 96) 
 
 
𝐾𝐴𝑟𝑎𝑑 =
1
1
𝐾𝐴𝑟𝑒𝑓
+
1
𝐾𝐴𝑎𝑖𝑟
+
1
𝐾𝐴𝑤𝑎𝑙𝑙
    ;     [𝐾𝐴𝑟𝑎𝑑] =
W
K
 
(Eq. 97) 
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7.3.2 Estimation of the Outlet Temperatures 
As it has been already explained, the estimation of the outlet temperatures is performed by using the P-
NTU method [12]. 
First, the 𝑁𝑇𝑈𝑟𝑒𝑓, 𝑅𝑟𝑒𝑓 and 𝑅𝑎𝑖𝑟 are calculated: 
 
𝑁𝑇𝑈𝑟𝑒𝑓 =
𝐾𝐴𝑟𝑎𝑑
?̇?𝑟𝑒𝑓 · 𝐶𝑝𝑟𝑒𝑓
    ;  𝑅𝑟𝑒𝑓 =
?̇?𝑟𝑒𝑓 · 𝐶𝑝𝑟𝑒𝑓
?̇?𝑎𝑖𝑟 · 𝐶𝑝𝑎𝑖𝑟
  ;   𝑅𝑎𝑖𝑟 =
1
𝑅𝑟𝑒𝑓
 
(Eq. 98) 
(Eq. 99) 
(Eq. 100) 
With 𝑁𝑇𝑈𝑟𝑒𝑓 calculated, then 𝑃𝑟𝑒𝑓 is calculated making use of the equation for the pure cross-flow 
scenario present in the table 5 of the same chapter C1 of the VDI Heat Atlas Second Edition [12]. 
 
𝑃𝑟𝑒𝑓 =
1
𝑅𝑟𝑒𝑓 · 𝑁𝑇𝑈𝑟𝑒𝑓
· ∑ [(1 − 𝑒−𝑁𝑇𝑈𝑟𝑒𝑓 ·∑(
1
𝑗!
· (𝑁𝑇𝑈𝑟𝑒𝑓)
𝑗
)
𝑚
𝑗=0
)
∞
𝑚=0
· (1 − 𝑒−𝑅𝑟𝑒𝑓·𝑁𝑇𝑈𝑟𝑒𝑓 ·∑(
1
𝑗!
· (𝑅𝑟𝑒𝑓 · 𝑁𝑇𝑈𝑟𝑒𝑓)
𝑗
)
𝑚
𝑗=0
)] 
(Eq. 101) 
As it can be seen, the formula depends on various summations, and in the model have been calculated up 
to the fifth iteration (not infinity). 
With 𝑃𝑟𝑒𝑓 it is possible to calculate 𝑃𝑎𝑖𝑟 and both outlet temperatures: 
 
𝑃𝑎𝑖𝑟 =
𝑃𝑟𝑒𝑓
𝑅𝑎𝑖𝑟
 (Eq. 102) 
 𝑇𝑜𝑢𝑡𝑙𝑒𝑡𝑟𝑒𝑓 = 𝑇𝑖𝑛𝑙𝑒𝑡𝑟𝑒𝑓 + (𝑇𝑖𝑛𝑙𝑒𝑡𝑎𝑖𝑟 − 𝑇𝑖𝑛𝑙𝑒𝑡𝑟𝑒𝑓) · 𝑃𝑟𝑒𝑓 (Eq. 103) 
 𝑇𝑜𝑢𝑡𝑙𝑒𝑡𝑎𝑖𝑟 = 𝑇𝑖𝑛𝑙𝑒𝑡𝑎𝑖𝑟 + (𝑇𝑖𝑛𝑙𝑒𝑡𝑟𝑒𝑓 − 𝑇𝑖𝑛𝑙𝑒𝑡𝑎𝑖𝑟) · 𝑃𝑎𝑖𝑟 (Eq. 104) 
Finally, the cooling power is calculated with equation (Eq. 53). 
To calculate both average temperatures, the following equations are used: 
 
?̅?𝑟𝑒𝑓 =
1
2
· (𝑇𝑖𝑛𝑙𝑒𝑡𝑟𝑒𝑓 + 𝑇𝑜𝑢𝑡𝑙𝑒𝑡𝑟𝑒𝑓) (Eq. 105) 
 
?̅?𝑎𝑖𝑟 =
1
2
· (𝑇𝑖𝑛𝑙𝑒𝑡𝑎𝑖𝑟 + 𝑇𝑜𝑢𝑡𝑙𝑒𝑡𝑎𝑖𝑟) (Eq. 106) 
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7.3.3 Inlet and outlet reservoirs 
To simulate the radiator, it has been used the method P-NTU to calculate the heat exchange in the tubes 
and fins as it has been already explained. Moreover, the manifolds at the entrance and exit of the radiator 
has been considered as a reservoir (or thermal mass) and the coolant thermal mass at the exchange tubes 
have been added to both reservoirs (half to each one). Half of the dry weight of the radiator has also been 
added to each reservoir with the corresponding aluminium heat capacity. 
 
Figure 14. Schematics of the radiator model 
Figure 14 shows how the Simulink™ model has been implemented. To calculate the volume of the 
reservoirs or tanks (both are identical), the following equations are used: 
 𝑉𝑡𝑢𝑏𝑒𝑠 = 𝑇𝐿 · 𝑁𝑇 · 𝐶𝑇 · 𝐴0 = 1,139 L (Eq. 107) 
 
𝑉𝑡𝑎𝑛𝑘 = 𝑤𝑡𝑎𝑛𝑘 · ℎ𝑡𝑎𝑛𝑘 · 𝑇𝑑 +
1
2
𝑉𝑡𝑢𝑏𝑒𝑠 = 0,9127 L (Eq. 108) 
Then, the heat capacity of the radiator dry weight and of the reservoir has been calculated: 
 
{
 
 
 
 
𝑚𝑟𝑎𝑑 = 2,94 kg
𝐶𝑝𝑎𝑙𝑢 = 24,2 
J
mol · K
𝑀𝑎𝑙𝑢 = 26,9815385 
g
mol
  
 
𝐶𝑟𝑎𝑑 = 𝑚𝑟𝑎𝑑 · 𝐶𝑝𝑎𝑙𝑢 · 𝑀𝑎𝑙𝑢 = 2,637
kJ
kg
 (Eq. 109) 
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𝐶𝑡𝑎𝑛𝑘 = 𝑉𝑡𝑎𝑛𝑘 · 𝜌𝑟𝑒𝑓 · 𝐶𝑝𝑟𝑒𝑓 +
1
2
· 𝐶𝑟𝑎𝑑 (Eq. 110) 
Finally, the thermal mass of the input tank is modelled: 
 ?̇? = ?̇?𝑟𝑒𝑓 · 𝐶𝑝𝑟𝑒𝑓 · (𝑇𝑖𝑛𝑙𝑒𝑡_1𝑟𝑒𝑓 − 𝑇𝑖𝑛𝑙𝑒𝑡_2𝑟𝑒𝑓) (Eq. 111) 
 
?̇? =
𝑑𝑄
𝑑𝑡
= 𝐶𝑡𝑎𝑛𝑘 ·
𝑑𝑇𝑖𝑛𝑙𝑒𝑡_2𝑟𝑒𝑓
𝑑𝑡
 (Eq. 112) 
 
𝑇𝑖𝑛𝑙𝑒𝑡_2𝑟𝑒𝑓 = ∫
?̇?
𝐶𝑡𝑎𝑛𝑘
· 𝑑𝑡 (Eq. 113) 
The same thing is done for the outlet reservoir but with the outlet temperatures. Note that for the 
reservoir an average temperature between 𝑇𝑖𝑛𝑙𝑒𝑡_1𝑟𝑒𝑓 and 𝑇𝑖𝑛𝑙𝑒𝑡_2𝑟𝑒𝑓 is taken to calculate the 𝐶𝑝𝑟𝑒𝑓 and 
𝜌𝑟𝑒𝑓. The same is done for the outlet tank. 
 
7.4 Fuel Cell stack model 
 
Figure 15. Fuel Cell stack heat exchange model schematics 
In Figure 15 it is possible to see how the FC has been modelled. There is a reservoir at the inlet and the 
outlet of the FC simulating the thermal mass of the coolant contained inside it. 
Inside the coolant circuit there is a heat exchange between the heat capacity 𝐶𝐹𝐶  of the Fuel Cell stack dry 
weight and the coolant that has been assumed ideal. That way, the coolant temperature that enters the 
outlet reservoir is at the same temperature than the fuel cell. It is done that way because it is unknown 
the real temperature of the FC, there is a lot of heat transfer surface, so it can be assumed that it will be 
very similar to the coolant temperature exiting the coolant loop. Therefore, it is not worth to model which 
would be the small temperature difference between coolant and FC. 
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First, there is the modelling of the thermal mass of the FC: 
 
?̇? =
𝑑𝑄
𝑑𝑡
= 𝐶𝐹𝐶 ·
𝑑𝑇𝐹𝐶
𝑑𝑡
 (Eq. 114) 
 
𝑇𝐹𝐶 = ∫
?̇?
𝐶𝐹𝐶
· 𝑑𝑡 (Eq. 115) 
In this case, ?̇? is the ratio between the heat generated by the FC (Eq. 23), and the one transferred to the 
coolant: 
 ?̇? = (𝐸𝐿𝐻𝑉
0 − 𝐴𝑣𝑒𝐶𝑒𝑙𝑙) · 𝑁 · 𝐼 − ?̇?𝑟𝑒𝑓 · 𝐶𝑝𝑟𝑒𝑓 · (𝑇𝑜𝑢𝑡𝑙𝑒𝑡_1𝑟𝑒𝑓 − 𝑇𝑖𝑛𝑙𝑒𝑡_2𝑟𝑒𝑓) (Eq. 116) 
 
Figure 16. Fuel Cell Stack Simulink™ subsystem structure 
Figure 16 shows the implementation done in Simulink of the equations (Eq. 115) and (Eq. 116). 
Finally, as it can be seen in equation (Eq. 117), the ideal heat transfer means that the coolant exits the 
coolant loop at the same temperature the FC thermal mass is. 
 𝑇𝐹𝐶 = 𝑇𝑜𝑢𝑡𝑙𝑒𝑡_1𝑟𝑒𝑓 (Eq. 117) 
Regarding the thermal mass of both the input and output reservoirs, equations (Eq. 111), (Eq. 112) and 
(Eq. 113) are used again, however this time the heat capacity of the tank is: 
 𝐶𝑡𝑎𝑛𝑘 = 𝑉𝑡𝑎𝑛𝑘 · 𝜌𝑟𝑒𝑓 · 𝐶𝑝𝑟𝑒𝑓 (Eq. 118) 
A volume for each tank of 𝑉𝑡𝑎𝑛𝑘 = 2,6 L  and heat capacity of the fuel cell 𝐶𝐹𝐶 = 19,6 kJ K⁄  have been 
used in the model. 
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Figure 17. Fuel Cell Cooling Circuit Simulink™ subsystem structure 
Figure 17. Fuel Cell Cooling Circuit Simulink™ subsystem structureFigure 17 shows the implementation 
done of both reservoirs and the ideal heat transfer coefficient. Note that the coolant density and heat 
capacity are calculated with the average temperature of each reservoir. Furthermore, the amount of heat 
extracted by the coolant is also calculated in this subsystem and sent back to the subsystem shown in 
Figure 16. 
7.5 Pipe model 
The pipes have been modelled considering an ideal plug flow inside the tubes. Furthermore, there is no 
heat exchange between the pipes and the environment and the pressure drop is not modelled. 
This way, they have been modelled by using a variable transport delay that retard the arrival of the coolant 
temperature signal to the following components of the model a certain amount of time dependant of the 
flow and the section and length of the pipes. 
 
𝑡 =
𝐷1
2 · 𝜋 · 𝐿1
4 · ?̇?𝑟𝑒𝑓
    ;     [𝑡] = s (Eq. 119) 
 
An example of the implementation done in Simulink™ is shown in Figure 18. 
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Figure 18. Pipe delay subsystem block in Simulink™ 
A minimum flow of 10 L/min has been imposed. That is because of the working principle of the transport 
delay block of Simulink™, that stores the values of the inlet temperatures in a list and release them at the 
output after a certain time. Given a very low flow (or zero), the delay time tends to infinity and therefore 
the block ends up giving a memory overflow error. The result is that a minimal flow rate is kept through 
closed pipes to approximate the effect of not having flow through it. 
 
7.6 Pipe T-junctions’ model 
 
Figure 19. T-Joint subsystem block structure 
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Figure 19 shows an example of how the pipe T-junctions have been modelled. The coolant density and 
heat capacity are estimated for both inlet temperatures and for the outlet temperature. 
This block function example is to mix the flows coming from the main circuit and the heater circuit. To do 
so the following equations apply: 
 ?̇?1 · 𝐶𝑝1 · 𝑇1 + ?̇?2 · 𝐶𝑝2 · 𝑇2 = ?̇?3 · 𝐶𝑝3 · 𝑇3 (Eq. 120) 
 ?̇?1 + ?̇?2 = ?̇?3 (Eq. 121) 
 
𝑇3 =
?̇?1 · 𝐶𝑝1 · 𝑇1 + ?̇?2 · 𝐶𝑝2 · 𝑇2
(?̇?1 + ?̇?2) · 𝐶𝑝3
 (Eq. 122) 
There is another T-junction that joins the flow coming from the radiator E-1 and from the bypass valve 
with the same structure. 
 
7.7 3-way valve model (V-2) 
 
Figure 20. 3-Way Valve subsystem structure 
The function of this subsystem is to translate the control signals into physical magnitudes to the rest of the 
heat transfer model. 
In this case, the variables HT_cooling_bypass_valve_TBD and HT_bypass_shutoff_valve_TBD are the 
control signals C-2 for the bypass valve V-2 and the control signal for the shutoff valve V-34 respectively. 
By multiplying them, when the shutoff valve is closed (value 0), regardless of the position of the 3-way 
valve, there is no flow because the result is zero. 
Otherwise, the coolant flow is divided in two flows depending on the control signal C-2 and both resulting 
flows added are equal to the original flow. 
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?̇?𝑟𝑒𝑓𝑟𝑎𝑑 = ?̇?𝑟𝑒𝑓 ·
𝐻𝑇_𝑐𝑜𝑜𝑙𝑖𝑛𝑔_𝑏𝑦𝑝𝑎𝑠𝑠_𝑣𝑎𝑙𝑣𝑒_𝑇𝐵𝐷 
100
· → 
→ · 𝐻𝑇_𝑏𝑦𝑝𝑎𝑠𝑠_𝑠ℎ𝑢𝑡𝑜𝑓𝑓_𝑣𝑎𝑙𝑣𝑒_𝑇𝐵𝐷 
(Eq. 123) 
 
?̇?𝑟𝑒𝑓𝑏𝑦𝑝𝑎𝑠𝑠 = ?̇?𝑟𝑒𝑓 · (1 −
𝐻𝑇_𝑐𝑜𝑜𝑙𝑖𝑛𝑔_𝑏𝑦𝑝𝑎𝑠𝑠_𝑣𝑎𝑙𝑣𝑒_𝑇𝐵𝐷
100
) · → 
→ · 𝐻𝑇_𝑏𝑦𝑝𝑎𝑠𝑠_𝑠ℎ𝑢𝑡𝑜𝑓𝑓_𝑣𝑎𝑙𝑣𝑒_𝑇𝐵𝐷 
(Eq. 124) 
 
7.8 Fan model 
The radiator air mass flow data provided by the partner of the INN-BALANCE project responsible of the 
vehicle system layout is: 
Vehicle Speed Air Mass Flow Rate 
10 km/h 0,716 kg/s 
30 km/h 0,798 kg/s 
70 km/h 1,209 kg/s 
180 km/h 2,676 kg/s 
250 km/h 3,594 kg/s 
Table 5. Air Mass Flow Rate data provided by Volvo Cars 
 
Figure 21. Air Mass Flow graph based on Table 5 data 
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As it can be seen in Figure 21, the data has been fitted by using a second-degree polynomial and a linear 
regression obtained by least square minimization. 
However, there are many unknowns in relation with the results provided by this project partner as it does 
not show the effect of the fan. Therefore, this data has been used to set the minimum amount of flow that 
goes through the radiator depending on the vehicle speed and a model to approximate the amount of air 
flowing through the radiator considering both speed and fan has been developed. 
 
Figure 22. Radiator-Fan stack schematics 
The model is based in the Bernoulli's principle and defines 3 states for the air pressure: 
• The first hypothesis is that the air pressure at the state 3 (exit of the fan) is the atmospheric pressure 
• The second hypothesis is that the air pressure at the state 1 (radiator inlet) is the atmospheric pressure 
plus the dynamic pressure because of the speed difference between the air going through the radiator 
and the car speed (relative speed to the air) 
Based in these 2 hypotheses, the air pressure at the second state is calculated combining the pressure 
drop data of the air flowing through the radiator and the pressure rise delivered by the fan based on the 
data provided by its spec sheet. 
Figure 23 and Figure 24 show this pressure differences between inlet and outlet for the fan and radiator 
respectively. In the case of the fan (Figure 23), the function of the pressure rise depends on the fan duty. 
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Figure 23. Fan pressure rise as a function of the air flow and the duty of the fan 
 
Figure 24. Radiator pressure drop as a function of the air flow 
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In the fan spec sheet, 3 operation points are given for a fan duty of 90% and an air density of 1,2 
𝑘𝑔
𝑚3
: 
Volume Flow Mass Flow Pressure increase 
0,7 m3/s 0,84 kg/s 390 Pa 
1 m3/s 1,20 kg/s 360 Pa 
2,4 m3/s 2,88 kg/s -300 Pa 
Table 6. Operation points in the fan spec sheet 
Using these 3 points shown in Table 6 and the affinity laws [18] that relate the pressure and volume flow 
of a fan as a function of the speed, if the fan duty is equivalent to the fan speed, the following relationships 
are true: 
 
{
 
 
 
 ?̇?𝑎𝑖𝑟1 = 0,84 ·
𝐷𝑢𝑡𝑦
90%
?̇?𝑎𝑖𝑟2 = 1,20 ·
𝐷𝑢𝑡𝑦
90%
?̇?𝑎𝑖𝑟3 = 2,88 ·
𝐷𝑢𝑡𝑦
90%
    ;     [?̇?𝑎𝑖𝑟𝑖] =
kg
s
 (Eq. 125) 
 
{
  
 
  
 ∆𝑃1 = 390 · (
𝐷𝑢𝑡𝑦
90%
)
2
∆𝑃2 = 360 · (
𝐷𝑢𝑡𝑦
90%
)
2
∆𝑃3 = −300 · (
𝐷𝑢𝑡𝑦
90%
)
2
    ;     [∆𝑃𝑖] = Pa (Eq. 126) 
Given 3 operating points at any fan duty it is possible to get a polynomial equation that expresses the fan 
pressure rise at any fan duty and air flow by doing a parameter fitting by a direct solvable square root. 
To do so, the following matrix system is solved (example with fan at 90% duty): 
 
𝑋 = [
𝑋1
2 𝑋1 1
𝑋2
2 𝑋2 1
𝑋3
2 𝑋3 1
] = [
0,842 0,84 1
1,22 1,2 1
2,882 2,88 1
] = [
0,706 0,84 1
1,44 1,2 1
8,294 2,88 1
] (Eq. 127) 
 
𝑌 = [
𝑌1
𝑌2
𝑌3
] = [
390
360
−300
] (Eq. 128) 
 
[
𝐴
𝐵
𝐶
] = 𝑋−1 · 𝑌 = [
−151,727
226,19
307,059
] (Eq. 129) 
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 ∆𝑃𝑓𝑎𝑛  = 𝐴 · ?̇?𝑎𝑖𝑟
2 + 𝐵 · ?̇?𝑎𝑖𝑟 + 𝐶 = → 
→ = −151,727 · ?̇?𝑎𝑖𝑟
2 + 226,19 · ?̇?𝑎𝑖𝑟 + 307,059    ;     [∆𝑃𝑓𝑎𝑛] = Pa 
(Eq. 130) 
Combining the hypotheses and the pressure drop and rise equations, the following equations system is 
obtained (the 𝑉𝑆 (Eq. 82) equation is also part of the system): 
 
𝑃1 = 𝑃𝑎𝑡𝑚 +
𝜌𝑎𝑖𝑟 · (𝑉𝑐𝑎𝑟 − 𝑉𝑆)
2
2
 (Eq. 131) 
 𝑃2 = 𝑃3 − ∆𝑃𝑓𝑎𝑛 = 𝑃𝑎𝑡𝑚 − (𝐴 · ?̇?𝑎𝑖𝑟
2 +𝐵 · ?̇?𝑎𝑖𝑟 + 𝐶) (Eq. 132) 
 𝑃2 = 𝑃1 − ∆𝑃𝑟𝑎𝑑 = 𝑃1 − (18,148 · ?̇?𝑎𝑖𝑟
2 + 60,003 · ?̇?𝑎𝑖𝑟) (Eq. 133) 
 𝑃3 = 𝑃𝑎𝑡𝑚 = 101300 𝑃𝑎 (Eq. 134) 
As it can be seen, for a given car speed (𝑉𝑐𝑎𝑟) and fan duty (defines the variables 𝐴, 𝐵 and 𝐶), there are 4 
unknown variables (𝑃1, 𝑃2, ?̇?𝑎𝑖𝑟 and 𝑉𝑆) and 4 equations ((Eq. 82), (Eq. 131),(Eq. 132) and (Eq. 133)). 
Furthermore, the air temperature at the entrance of the radiator is also necessary to calculate the air 
density (𝜌𝑎𝑖𝑟) and with the hypothesis that the resulting air flow (?̇?𝑎𝑖𝑟) should never be smaller than the 
one given the data provided by Volvo™, the resulting Simulink™ model subsystem is: 
 
Figure 25. Radiator Air Flow subsystem structure 
In Figure 25 it is possible to see the whole model. Starting with the fan pressure rise equation, the following 
blocks have been used: 
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Figure 26. Right part blocks of Figure 25 
In Figure 26 the parameters 𝐴, 𝐵 and 𝐶 are obtained with the matrix system and the fan duty. 
 
Figure 27. Left part blocks of Figure 25 
In Figure 27 the air flow of the radiator according to the data provided by the project partner is calculated. 
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In the lower part of this figure it can also be seen the equation (Eq. 131) to obtain the pressure at the 
entrance of the radiator (𝑃1). 
 
Figure 28. Lower blocks of Figure 25 
In Figure 28 the pressure at the state 2 (between the radiator and the fan) is obtained using the equation 
(Eq. 132). 
 
Figure 29. Lower leftmost blocks of Figure 25 
In Figure 29 the air flow is obtained from equation (Eq. 133) using the quadratic formula [19] to solve the 
resulting equation. It can also be seen that the highest air flow between the one obtained with the data 
provided by the project partner and the one got by this estimation is taken. 
7.9 Coolant heater circuit 
In this subsystem there are all the elements in charge of the heating of the refrigeration system when the 
system is at very low temperatures. 
 
Figure 30. Coolant Heater Circuit subsystem structure 
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Inside the Pump P-2 subsystem block (Figure 30) there are the elements that translate the control orders 
into a flow for the cooling system model (Figure 31). 
 
Figure 31. Pump P-2 subsystem structure 
 
?̇?𝑟𝑒𝑓 = ?̇?𝑟𝑒𝑓𝑚𝑎𝑥 ·
𝐻𝑇_𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑖𝑛𝑔_𝑐𝑖𝑟𝑐𝑢𝑖𝑡_𝑝𝑢𝑚𝑝_𝑃𝑊𝑀 
100
· → 
→ · 𝐻𝑇_𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑖𝑛𝑔_𝑐𝑖𝑟𝑐𝑢𝑖𝑡_𝑣𝑎𝑙𝑣𝑒_𝑇𝐵𝐷 
(Eq. 135) 
Note that ?̇?𝑟𝑒𝑓𝑚𝑎𝑥 is in fact the maximum flow the pump can deliver. There is also a signal that controls 
the valve meant to close the coolant flow (HT_preheating_circuit_pump_PWM) when the heater circuit is 
not in use. It imposes that there is no flow when is activated (value 0). 
There is also a delay representing the complete length of the pipes of this heater circuit. In this case it has 
not been used a delay for each one of the stages of pipes of this part of the circuit as it is not so important 
to know what is exactly going on at each point. 
Inside the Simulink™ heater subsystem block (Figure 30) the structure is again 2 reservoirs at the inlet and 
outlet of the heater and a heat transfer process: 
 
Figure 32. Heater heat exchange model schematics 
 
𝑇𝑜𝑢𝑡𝑙𝑒𝑡_1𝑟𝑒𝑓 =
𝐻𝑒𝑎𝑡𝑒𝑟_𝐸3_𝑃𝑜𝑤𝑒𝑟 · 𝑃𝑊𝑀
?̇?𝑟𝑒𝑓 · 𝐶𝑝𝑟𝑒𝑓
+ 𝑇𝑖𝑛𝑙𝑒𝑡_2𝑟𝑒𝑓 (Eq. 136) 
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In equation (Eq. 136) Heater_E3_Power is the maximum power that can be delivered by the heater 
resistances (14 kW). 
For the reservoirs, the equations (Eq. 111), (Eq. 112) and (Eq. 113) are used again, however the heat 
capacity of the tanks is like equation (Eq. 118) where a 𝑉𝑡𝑎𝑛𝑘 = 0,5 L has been used this time. 
 
7.10 Cabin heating model 
 
Figure 33. Cabin heating system exchange model schematics 
It has been modelled like the Simulink™ subsystem block of the heater but there have been changes to 
adapt it to the new task: 
 
𝑇𝑜𝑢𝑡𝑙𝑒𝑡_1𝑟𝑒𝑓 = 𝑇𝑖𝑛𝑙𝑒𝑡_2𝑟𝑒𝑓 −
𝐶𝑎𝑏𝑖𝑛_𝐻𝑒𝑎𝑡𝑖𝑛𝑔_𝑃𝑜𝑤𝑒𝑟
?̇? · 𝐶𝑝
 (Eq. 137) 
As it can be seen in equation (Eq. 137) the Cabin_Heating_Power variable decreases the temperature of 
the coolant that flows between the fuel cell outlet and the 3-way valve. 
There are also changes regarding the reservoir’s capacities, being set this time to 0,5 L. The equations for 
the reservoir or thermal mass model (Eq. 111), (Eq. 112) and (Eq. 113) are used again with this new 
reservoir capacity. 
The variable Cabin_Heating_Power has been modelled as a random variable that changes between 5 and 
10 kW every second. It is obvious that this is rather exaggerated, but the aim is to stress the controller of 
both the bypass valve and the coolant pump. 
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7.11 Main pump model (P-1) 
The main pump P-1 model follows the same structure of the pump P-2 of the heater circuit but without 
considering the valve that closes the circuit. 
 
Figure 34. Pump P-1 Simulink™ model 
Therefore: 
 
?̇?𝑟𝑒𝑓 = ?̇?𝑟𝑒𝑓𝑚𝑎𝑥 ·
𝐻𝑇_𝑚𝑎𝑖𝑛_𝑐𝑖𝑟𝑐𝑢𝑖𝑡_𝑝𝑢𝑚𝑝_𝑃𝑊𝑀 
100
 (Eq. 138) 
In this case ?̇?𝑟𝑒𝑓𝑚𝑎𝑥 is the maximum flow the pump P-1 can deliver. As the model does not take into 
consideration the hydraulics of the cooling system, there must be a second layer of control system that 
translates the desired flow into a PWM signal by using the volume flow sensor I-32 shown in Figure 4. 
That has been done experimentally on the test bench implementing a PID that takes the desired flow, the 
volume flow sensor I-32 and provides a PWM to the pump. 
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7.12 Control ECU subsystem block 
 
Figure 35. Control ECU subsystem structure 
In Figure 35 it is possible to see the main components of the control system. 
 
Figure 36. Leftmost blocks of Figure 35 
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This cooling system is composed by different elements that must be electronically controlled to keep both 
the input temperature and the temperature difference between the coolant ports of the fuel cell at a 
certain target. These target temperatures are set at 68 ℃ for the input temperature and at 12 K as for the 
temperature difference between the FC coolant ports as nominal values for the steady state of the fuel 
cell. 
 
Figure 37. HT FC Cooling Loop schematics 
For that task, the 3-way-valve (V-2 and control signal C-2 in Figure 37) is controlled to deliver the desired 
coolant input temperature to the fuel cell, and the main pump (P-1 and control signal C-1 in Figure 37) is 
responsible for the temperature difference of the coolant between the coolant ports of the fuel cell. 
Furthermore, there is the requirement of delivering a minimal flow rate of 21 L min⁄  to the FC that the 
pump control must fulfill. 
The control system resides in the blocks shown in Figure 36: 
• The subsystem that controls the fan makes use of the coolant temperature signal at the outlet of the 
radiator and the target inlet temperature 
• The subsystem controlling the 3-way valve needs the coolant flow at the main cooling loop, the inlet 
target temperature and both FC inlet and outlet temperatures 
• To control the main pump (V-1) is necessary to know the amount of heat flowing into the cooling loop, 
the outlet temperature target and both FC inlet and outlet temperatures 
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• For the heater loop control it is only necessary to know the FC outlet temperature 
• Finally, there is a shutoff valve that remains always open as there is no possibility of backflow in the 
simulation. 
For the fan control, a proportional controller ensures that the fan is blowing at 100% duty before the 
radiator outlet temperature is higher than the target FC inlet temperature has been implemented. 
 
Figure 38. 3-way valve controller structure 
Figure 38 shows the 3-way valve control where there is a feed forward and a PID controller to control the 
valve opening. The feed forward calculates the amount of flow that should be mixed from the bypass and 
the radiator making use of the temperature sensors located at the FC and radiator outlets. The PID adjusts 
the mix by calculating the error between the FC inlet target temperature and the feedback given by the 
temperature sensor located at the same FC inlet. 
 
Figure 39. Main pump controller structure 
The pump control is like the bypass valve one. There is a feed forward and a PID. The feed forward receives 
a signal of how much heating power is being generated by the FC and with that information and the 
temperature sensor of the inlet of the FC calculates which should be the flow to achieve the desired outlet 
temperature. The PID does work calculating the error between the FC outlet temperature and the desired 
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one. The target temperature changes all the time because it is not a fixed temperature, but the 
temperature given by the FC inlet temperature sensor plus the desired 12K of temperature difference. 
Note that Figure 39 also shows a block called Pump Control. This block has not been modelled but is a 
block that has been implemented during the testing on the test bench. This control translates the PID and 
feed-forward flow demands into a PWM signal for the pump to deliver the desired coolant flow. 
For the heater control a proportional control has been implemented considering the FC outlet 
temperature, that is the one indicating the temperature at which the FC is working, reaches positives 
temperatures. The main goal has been to do a soft transition from it to the main cooling loop. 
 
7.12.1 Fan control 
 
 
Figure 40. Fan Control subsystem structure 
The main structure of all the control subsystems is shared. In this case, Figure 40 shows a PID control for 
the fan that uses the radiator outlet coolant temperature and the FC inlet target temperature to deliver a 
PWM. 
 
Figure 41. Leftmost blocks of Figure 40 
Figure 41 shows how the input signals are treated before the PID. 
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There are several blocks meant to do a soft approach to the target temperature with a ramp instead of 
with a step, so the overshoot is reduced. In this case it has been unnecessary to use them and are with 
values of 0 so they are not doing anything. 
The input to the PID signal is basically the coolant temperature at the outlet of the radiator minus FC inlet 
target temperature of 68℃ minus 5℃. 
 𝑇𝑒𝑟𝑟𝑜𝑟 = 𝑇𝑜𝑢𝑡𝑙𝑒𝑡𝑟𝑎𝑑 − (68℃− 5℃) = 𝑇𝑜𝑢𝑡𝑙𝑒𝑡𝑟𝑎𝑑 − 63℃ (Eq. 139) 
It is done like this so the fan starts to blow air through the radiator before the limit temperature is reached 
and so it already works at 100% duty before reaching the FC inlet target temperature. The 3-way valve is 
the element that has the role of keeping the FC inlet temperature at exactly 68℃ by mixing the flow that 
should be always kept under this temperature by the radiator and the fan (as it will be seen, with the 
current configuration it is not possible). 
 
Figure 42. Rightmost blocks of Figure 40 
In Figure 42 it is shown the PID that controls the fan. In this case the system is only controlled by the 
proportional constant, so the controller is a proportional one. Integral and derivative constant has been 
set to 0. 
The second thing is that the resulting PID signal should be saturated between 0 and 100 as the PWM signal 
must not be higher or lower than these values. 
Finally, there is also a rate limiter block that is intended to simulate the amount of time the fan takes to 
change its speed. In this case it has been set so it needs 5 seconds to go from stand still to full speed. 
As it can be seen in Figure 72, the proportional constant for this fan in 70. This means that it should reach 
100% duty when the coolant is leaving the radiator at 64,3℃. 
The idea is that the gain is high enough, so the fan reaches its maximum duty before the 68℃ are reached 
but in this case its rather exaggerated. Furthermore, the PID saturation that should not allow the PWM to 
  
 
 
Page 66 
M
o
d
el
 B
as
ed
 C
o
n
tr
o
l S
ys
te
m
 D
e
ve
lo
p
m
en
t 
fo
r 
th
e 
Th
er
m
al
 M
an
ag
e
m
en
t 
o
f 
a 
Fu
el
 C
e
ll 
P
o
w
e
re
d
 P
as
se
n
ge
r 
C
ar
 
be higher than 100% has been set to 300%. Both things have been done because, neither the radiator nor 
the fan are powerful enough at this stage of the INN-BALANCE project to dissipate the amount of heat 
created by the FC, and this way the model works around this problem. 
A saturation set at 100% and a proportional constant of 25 (100% fan duty at 67℃) would be the desired 
controller. 
 
Figure 43. Fan control simulation example 
Figure 43 shows an example of how the fan operates. As it can be seen, fan duties of 270% are reached. It 
is not realistic but as it was explained before, it is a workaround to the limited amount of heat dissipation 
the current cooling system has. 
As soon the radiator outlet reaches 63℃ the fan increases the speed from 10% (has been set as minimum 
speed) all the way to over 200% with a ramp due to the rate limiter. Afterwards keeps the radiator outlet 
temperature between 66℃ and 67℃. 
  
0 %
25 %
50 %
75 %
100 %
125 %
150 %
175 %
200 %
225 %
250 %
275 %
300 %
40,0 ℃
42,5 ℃
45,0 ℃
47,5 ℃
50,0 ℃
52,5 ℃
55,0 ℃
57,5 ℃
60,0 ℃
62,5 ℃
65,0 ℃
67,5 ℃
70,0 ℃
30 s 40 s 50 s 60 s 70 s 80 s 90 s 100 s 110 s 120 s
Fa
n
 D
u
ty
 in
 %
Te
m
p
er
at
u
re
 in
 ℃
Simulation Time in s
Target Temperature in ℃ Radiator Outlet Temperature in ℃ Fan Duty in %
  
 
 
Page 67 
M
o
d
el
 B
as
ed
 C
o
n
tr
o
l S
ys
te
m
 D
e
ve
lo
p
m
en
t 
fo
r 
th
e 
Th
er
m
al
 M
an
ag
e
m
en
t 
o
f 
a 
Fu
el
 C
e
ll 
P
o
w
e
re
d
 P
as
se
n
ge
r 
C
ar
 
7.12.2 Bypass Valve Control subsystem block 
 
Figure 44. Bypass Valve Control subsystem structure 
Figure 44 shows a control loop composed by a PID with a feed forward loop. The PID uses the FC inlet 
temperature sensor and the FC inlet target temperature to calculate the error. 
On the other hand, there is a feed forward that uses the first available sensor in front of the 3-way valve, 
that in the case of the vehicle cooling system (not prototype or lab system) is the FC outlet temperature 
sensor, and knowing the temperature target and the temperature reported by the temperature sensor at 
the radiator outlet, calculates the position that the bypass valve should have to do the theoretically right 
mix of coolant. 
 
Figure 45. Left part of Figure 44 
In Figure 45 can also be seen an observer block to estimate the radiator outlet temperature. It was 
developed to see if it would be interesting to avoid having the NTC at the outlet of the radiator for the car 
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version of the cooling loop. However, as its signal is much better than the one of the observer and the 
temperature sensor is also useful to implement the control of the fan, it is not used by the feed forward 
as it will be showed, and the addition of this temperature sensor for the car system was taken into 
consideration. It remains in the model in case some tests with it would be interesting to be done. 
The cumulative error is limited by saturating the integral signal. By doing that the response of the system 
is faster because the accumulation of error during transitory regimes is limited. It is one of the possible 
strategies of implementing what is called anti windup control [20]. 
Figure 45 also shows the algorithm to approach to the target temperature with a ramp instead of with a 
step. In this case it is fully functional and basically does a ramp 10℃ before the target temperature (at 
58℃) and reduces the overshoot as it mainly happens during the ramp (see Figure 46). 
 
Figure 46. Valve control simulation example 
Another thing that Figure 46 shows is that the feed forward takes most of the responsibility in controlling 
the valve being the PID in charge of giving precision when the system is working in steady state. 
It can also be seen that the valve saturates at 100% trying to accomplish with the target, but as it happens 
during the ramp it is not a big deal. Had it happened when the target temperature is at 68℃ and it would 
have been an overshoot with the valve already 100% open to the radiator. 
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Note also that in Figure 46 the PID is acting against the opening of the 3-way valve to send coolant to the 
radiator. It does so because the cabin heating system is drawing heat between the output port of the FC 
and the input port of the 3-way valve. As the feed forward calculates the opening of the valve with a 
temperature higher (at the FC outlet) than the one that reaches the bypass valve, the calculated opening 
is higher than it should. It could be wise that the feed forward used the temperature sensor I-38 instead 
of I-20 (see Figure 4), however sensor I-38 is only foreseen to be mounted as a laboratory system sensor, 
and because of that the feed forward has been designed with sensor I-20. 
Thus, the task of handling the disturbances introduced by the cabin cooling system is left only to the PID, 
and because of that it is reacting closing the valve. 
On the other hand, it is also noticeable that during the transitory regime the PID saturates at -3% because 
it has been tested that in steady state it needs to be below that percentage to give the necessary precision, 
thus the anti-windup protection is working fine preventing the accumulation of error and later overshoot. 
 
Figure 47. Right part of Figure 44 
In Figure 47 is shown the rest of the control system. There are a couple of saturation blocks that ensure 
that the signal never goes over or above 100% and 0% respectively. There is again a rate limiter that is 
meant to simulate the time it takes for the valve to move, in this case 5,5 seconds to move from 0% all the 
way to fully open. 
The novelty in this system with respect to the fan control is that there is a set of blocks that bypasses the 
control signal in case of declared emergency state and deliver a signal of 100% for 10 seconds, or what it 
is the same, derivate all the coolant to the radiator to cool down the FC.  
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Observer Radiator Outlet Temperature subsystem block 
 
Figure 48. Observer subsystem structure 
Figure 48 shows the subsystem as a hole. First there are some equation to get the heat capacity of the 
radiator like in section 7.3.3: 
 
Figure 49. Heat capacity of the radiator 
 
 
Figure 50. Dry weight heat capacity of the radiator 
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Figure 51. Radiator tubes volume 
 
 
Figure 52. Radiator reservoirs volume 
 
Once the radiator total heat capacity is obtained, the radiator outlet coolant temperature follows the next 
equation (Eq. 140): 
 
 
𝑇𝑅𝑎𝑑 =
?̇?𝑅𝑒𝑓 · 𝐶𝑝𝑖 · 𝑇𝑖 − ?̇?𝑅𝑒𝑓 · 𝐶𝑝𝑜 · (1 − 𝑥) · 𝑇𝑜 − 𝐶𝑅𝑎𝑑 ·
𝑑 (
𝑇𝑅𝑎𝑑 + 𝑇𝑜
2 )
𝑑𝑡
?̇?𝑅𝑒𝑓 · 𝐶𝑝𝑅𝑎𝑑 · 𝑇𝑅𝑎𝑑 · 𝑥
 
(Eq. 140) 
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The equation (Eq. 140) is expressed in the model in Figure 53 and Figure 54: 
 
Figure 53. First part of (Eq. 140) 
 
 
Figure 54. Second part of (Eq. 140) 
It is worth mentioning that there is a block in Figure 54 before the signal goes to the output that dampens 
the output, so it is not unstable. 
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Feed Forward subsystem block 
 
Figure 55. Feed Forward subsystem block structure 
The feed forward estimates which should be the coolant mix to get the desired temperature at the inlet 
of the FC. To do so, the next equation is used: 
 ?̇?𝑅𝑒𝑓 · 𝐶𝑝𝑖𝑡𝑎𝑟𝑔𝑒𝑡 · 𝑇𝑖𝑡𝑎𝑟𝑔𝑒𝑡 = ?̇?𝑅𝑒𝑓 · 𝐶𝑝𝑜 · 𝑇𝑜 · (1 − 𝑥) + ?̇?𝑅𝑒𝑓 · 𝐶𝑝𝑅𝑎𝑑 · 𝑇𝑅𝑎𝑑 · 𝑥 
𝑥 =
𝐶𝑝𝑖𝑡𝑎𝑟𝑔𝑒𝑡 · 𝑇𝑖𝑡𝑎𝑟𝑔𝑒𝑡 − 𝐶𝑝𝑜 · 𝑇𝑜
𝐶𝑝𝑅𝑎𝑑 · 𝑇𝑅𝑎𝑑 − 𝐶𝑝𝑜 · 𝑇𝑜
 
(Eq. 141) 
 
Figure 56. Left part of Figure 55 
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As it can be seen in Figure 56, the outlet temperature of the FC is used as the temperature at the inlet of 
the 3-way valve after a delay that represents the time it takes to the coolant to arrive at the valve inlet. 
For each temperature the heat capacity is calculated in real time and there is a switch that allows to take 
the observer signal as temperature at the radiator outlet in case of need. 
 
Figure 57. Right part of Figure 55 
In Figure 57 there is the rest of equation (Eq. 141), with the particularity that there is a protection, so the 
division has never a zero in the denominator. There is also a clock signal that basically makes the signal of 
the feed forward zero during the first second because otherwise during the first iteration it outputs 100% 
because of the way of operating that Simulink™ has. 
Finally, there is a block to dampen the feed forward output, so it is more stable. 
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7.12.3 Main Pump Control subsystem block 
 
Figure 58. Main Pump Control subsystem structure 
Figure 58 shows again a control loop composed by a PID with a feed forward. 
 
Figure 59. Left part of Figure 58 
The PID uses the FC outlet temperature sensor and the FC outlet target temperature to calculate the error. 
On the other hand, the feed forward uses the FC inlet temperature and FC outlet target temperature to 
estimate how much flow the pump should deliver considering the amount of heat going into the cooling 
system. There is also the algorithm to approach the desired outlet temperature with a ramp, however in 
this subsystem is again not operative. 
 
Figure 60. Right part of Figure 58 
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In Figure 60 there is again saturations to ensure the signal stays between 10,5% (minimum flow must be 
21 L/min) and 100%, a rate limiter that makes the model take 2 seconds to go from no flow to maximum 
flow, and finally an algorithm to ensure that in case of emergency the pump works at 100% duty during 10 
seconds and then switches off. 
 
Figure 61. Pump control simulation example 
Figure 61 shows an example of how the main pump works. As it can be seen, almost all the control 
responsibility is taken by the feed forward. On one side this means that the feed forward produces very 
little temperature error and the PID barely intervenes, but this means that adjustment of the PID constants 
on the test bench will be needed as the conditions won’t be so ideal there. 
Feed Forward subsystem block 
 
Figure 62. Feed Forward subsystem structure 
Figure 62 shows the structure of the main pump control feed forward. In this case the equation is: 
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 ?̇? = ?̇?𝑅𝑒𝑓 · 𝐶𝑝 · (𝑇𝑜𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑇𝑖) 
?̇?𝑅𝑒𝑓 =
?̇?
𝐶𝑝 · (𝑇𝑜𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑇𝑖)
 
(Eq. 142) 
 
Figure 63. Left part of Figure 62 
 
Figure 64. Right part of Figure 62 
In Figure 64 the coolant flow is divided by the theoretical maximum flow to give a percentage signal and 
there is again a block to dampen the signal.  
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7.12.4 Heater Control subsystem block 
 
Figure 65. Heater Control subsystem structure 
The control of the heating system is way simpler. In this case there is again a proportional controller. It 
keeps the heating system on and from 5℃ to 15℃ lineally switches off. 
In this case the signal that is used as a reference is the FC outlet as it is very similar to the temperature of 
the FC as the heat exchange has already taken place. 
 
Figure 66. Cold Start-up simulation example 
Figure 66 shows how the heater works until the FC outlet temperature reaches 15℃ and disconnects 
smoothly between 5℃ and 15℃. 
Note that the heater does not reach 15kW immediately but like a first order system because first has to 
warm up the heater loop system itself. 
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8 Test bench 
 
Figure 67. Test bench basic structure 
 
As it can be seen in Figure 67, the test bench does not use a FC but a water-coolant heat exchanger with a 
coolant pressure loss like the FC one. On the other side of the heat exchanger there is a giant reservoir of 
1000L with 6 heaters of 12kW each (72kW total power) that simulate the heat generated by the FC. 
 
 
Figure 68. Test bench structure schematics 
 
The control for the main pump has already been implemented and tested on the test bench. 
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Figure 69. Main-Pump test 
Figure 69 shows a test where the heat power varies between 15 kW and 30 kW and the 3-way valve is 
kept all the way open to the radiator and the fan at maximum speed. 
In this case, as the control of the 3-way valve is not implemented, a constant target temperature of 80℃ 
was given to the pump control system. As it can be seen, the pump control does succeed controlling the 
FC outlet temperature (sensor T-20a) never going beyond 80,5℃ or below 79,5℃. 
Note that the dissipated power by the radiator is not very high, never more than 30 kW, and that it 
dissipates the power but never lowers the temperature enough so the 68℃ that are the target FC inlet 
temperature (sensor T-3a) can be reached. 
This means that for the pending 3-way valve testing, either will need to be tested with much lower heating 
powers or with a higher target temperature of 75℃ or 76℃. With the current test bench configuration, 
the limitation is there. 
The 3-way valve, despite not having been tested its control system yet, has been characterised its 
behaviour, which means that has been studied the amount of flow that goes either to the radiator or the 
bypass depending on the position of this valve. 
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Figure 70. Bypass valve flow distribution characterization 
Using this transfer function will be possible to translate the orders of the designed control system, that 
provides the desired distribution of flow, into a position order for the valve. 
An Arduino controller with a DC motor driver have been programmed to be able to translate the desired 
position into a PWM order to control the bypass valve. 
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9 Conclusions 
The first objective of this project was to develop a simplified model of the HT FC cooling circuit in 
Simulink™. It can be concluded that the simplified model does represent reasonably well the thermal 
behaviour of the cooling system and that there are still changes to do on the cooling system design to be 
able to fulfil the INN-BALANCE project requirements for the cooling system. 
The second objective of this project was to develop a model-based control system for the HT FC cooling 
circuit. It can be concluded that the control system does control the main 4 components of the cooling 
system well, however, due to the ideal conditions of the simulation, the main pump and the 3-way valve 
PID controllers do almost nothing because the feed forward loops do control them almost perfectly. 
Further adjustment of the PID constants is needed on the test bench as there the conditions are way more 
hostile. 
The third and fourth objectives were to do an implementation of the control system on a prototype control 
unit and to test and optimize the control system with the laboratory test rack. Currently this was only 
possible to be done on the main pump control and the control has already been tested and its PID 
controller adjusted. Furthermore, a PID controller to translate the target flow rates into PWM orders for 
the main pump making use of the flow rate sensor has also been developed on the test bench. 
Despite this project goal was to cover as much as possible, there are many more things that can be done 
to improve the model, validate the model and adjust and optimize the control constants. 
Future model improvements were always taken into consideration during the hole Simulink™ model 
design and one of the main focus was to organize it in a way that is understandable and that the addition 
of new and/or more components is a matter of copy and paste and/or change of parameters. 
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10 Appendix 
10.1 Comparison of results between radiator model and experimental data 
A set of experimental results conducted by a partner of the INN-BALANCE project have been used to do 
the data fitting of the radiator model 𝐿𝑝 value. 
More specifically, the data of the dissipated power with 25 different combinations of coolant and air flows 
have been taken for the data fitting. The coolant inlet temperature is always 115℃ and the inlet air 
temperature 38℃. The data given also includes the outlet temperatures of air and coolant. 
To do the data fitting, a model of the radiator has been done with the software Mathcad™ and a Microsoft 
Excel macro has been programmed to take control of the Mathcad™ model. The macro introduced the 
given input data varying the 𝐿𝑝 value and got the results from the Mathcad™ model. 𝐿𝑝 values from 1mm 
to 0,1mm were tested with decrements of 0,1mm. 
 
Figure 71. Experimental vs Model power dissipation 
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Figure 71 shows isolines for experimental and model power dissipation results with a fixed coolant rate of 
either 1,5kg/s, 2kg/s or 3kg/s. As it can be seen the model does reproduce in a very precise way the 
radiator up to powers of around 80 kW or 100 kW approximately. Depending on the pair of isolines 
compared, for the highest airflows the radiator model dissipates either less, almost the same or slightly 
more heat that the real radiator data available. 
In this case, the biggest error committed is of 6834,66 𝑊 when the experimental result was 
146921,7174 𝑊 and the calculated radiator 153756,37 𝑊. It is a relative error of 4,65% and it is the 
error when the air flow is 3,5kg/s and the coolant flow is 3kg/s. 
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10.2 PID controllers’ constants (InitFcn* text file) 
The PID constants can be changed in a text file that is in File → Model Properties → Model Properties → 
Callbacks → InitFcn of the Simulink™ model. 
 
Figure 72. InitFcn text document with the model parameters 
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